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ABSTRACT
A three phase analytical protocol is developed to systematize the study of multifaceted
serpentinite bronze-casting moulds from Bronze Age Anatolia (ca. 3500-1700 B.C.).
These moulds represent a class of metal processing tools that reflect material properties
and perhaps also social concerns in their development and use. In phase I of the protocol,
standard serpentinite tiles are heated to known temperatures and the crack density and
mineral changes at each temperature are determined using scanning electron microscopy
(SEM) and energy dispersive x-ray (EDX) analysis. These results then serve to calibrate
the cracking and mineralogical behaviors of serpentinite replica moulds used in
controlled casting experiments during phase II. Metallography on several phase II cast
objects provides additional information on heat flow through the stone. In phase III, the
protocol is modified appropriately for the non-destructive study of four archaeological
moulds using x-ray diffraction (XRD), x-ray fluorescence (XRF), and SEM. The
applicability of the protocol to other stone and ceramic materials is discussed.
Thesis Supervisor: Heather Lechtman
Title: Professor of Archaeology and Ancient Technology
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Chapter 1:
Introduction and Background
Metal and metal objects play an important role in our everyday lives. Computers,
cars, kitchen utensils, and ballpoint pens all have metal components. The special material
properties of metals and their ores were recognized roughly 10,000 years ago and humans
have been manipulating metal ever since. Methods of utilizing metal continue to evolve
today, as new techniques and technologies which allow for or demand more controlled
material properties emerge. Scientists and engineers also continue to develop new ways
to study metal. Analytical studies, such as scanning electron microscopy, are integral to
the functioning of modern metal industries. The same materials analysis techniques can
be applied to the investigation of metal objects made and used in the past. The study of
metallurgy cannot be limited, however, to an exploration of the metal alone. Both today
and in the past, the non-metal objects associated with the winning and working of metal
are of vital importance to metal processing. The scientific analysis of items such as
smelting furnaces or casting ladles can help determine or improve processing conditions.
The work in this thesis offers one way of systematically exploring a particular
example of metal processing: metal casting in Bronze Age Anatolia. In specific, the
stone and ceramic moulds used by ancient metal smiths during the casting of copper-
based metal objects are examined with a mind to elucidating their introduction and use in
the casting process. However, the true impetus of the research presented here is the
understanding that metallurgy as a technology and its expression in the form of metal
objects is materially and culturally constructed (e.g. Lechtman 1977; Hosler 1994; Pigott
1999; Yener 2000). Below, I propose a novel way to examine casting moulds as an aid in
the exploration of this construction.
Research problem and goal of the research
Anthropologists strive to develop and test hypotheses about humans and the way
they live in societies. They hope to understand how humans interact with each other and
their environment and how these interactions translate into culture. The concept of
culture has been defined in myriad ways; one particularly clear formulation calls culture a
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set of understandings shared by a group of people that serve to render the world
intelligible for them (Lechtman 1999, after Geertz). Culture is expressed in the
components of our worldview, the basis for our science and religion, the way we develop
and employ technologies, and how we dream of progress. In other words, culture is
articulated in all that we as humans do to live successfully in a world that requires
behaviors more complex than instinct. Anthropologists seek to understand culture by
observing human societies. When anthropologists study human societies from the
ancient past, they must build their understanding from the things those human societies
left behind. Anthropological archaeologists are faced with the unique challenge of
interpreting material remains alone as clues to aspects of culture, a concept which is
largely non-material.
One revolutionary approach that anthropological archaeologists have taken in
testing hypotheses concerning culture and its material remains relies on the application of
materials science principles and analyses. The idea underlying this approach is that
technologies arise under cultural and material constraints. Several anthropologists
pioneered the application of this idea in the 1970s (Lechtman 1977; Lemonnier 1976).
Technology has style, and this style is not defined by materials properties alone. Testing
this statement has necessitated rigorous and repeatable analyses and, therefore, has
required the adoption of analytical techniques from various fields. Materials science and
engineering methods have played a key role, with materials science-trained
anthropologists leading the way (Lechtman 1984, 1993, 1999; Hosler 1986, 1988, 1994).
The engineering approach is fundamental to the concept that a physical object is
constructed as much out of the cultural expectations for such an object as out of physical
matter. Why should a cooking pot be manufactured with a coiling technique? Why not
make the same vessel by drawing the clay over a rigid mould? Material constraints such
as plasticity of clay may be part of the answer, but the choice of one production technique
over another may also be culturally determined (Gosselain 2000). Examples of such
questions and the analytical studies used to explore them are becoming more widespread
(e.g. Arnold 2000; Schiffer 1999; Molleson et al. 1993; Schiffer and Skibo 1987;
Tringham 1974).
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The work described in this thesis was inspired by the materials science-based
approach to anthropological research and asks the question: why and how were
multifaceted stone metal-casting moulds used in Central Anatolia during the Bronze Age.
The complete answer to this question is beyond the scope of this work and is left to future
projects. What is reported in the following pages are the results of a baseline study which
serves as a foundation for all future research on Bronze Age moulds. My investigation
developed a protocol to systemize the analysis of stone and ceramic moulds, allowing for
a determination of the materials' response to experimental and archaeological casting
conditions. The ultimate goal of this research is to understand if such a protocol provides
enough control over the how aspects of the proposed question that the why inquiries can
be investigated and information about the cultural constraints surrounding the production
and use of the moulds can be determined.
Metallurgy in Bronze Age Anatolia and the Near East (3500 B.C. to 1700 B.C.)
The question of how and why stone moulds were used in the casting of metal
during the Bronze Age should first be placed in the context of metallurgical practice at
that time. Metallurgy has a deep history in Anatolia and the Near East (here defined as
Mesopotamia, Syria, and the Levant), and has been the subject of numerous studies (e.g.
de Jesus 1980; volume edited by Pigott 1999; Yener 2000 and refs. therein; Figure 1.1).
Copper-based alloys, often generically and incorrectly labeled as "bronze," came into use
in the 4 th millennium B.C. in Anatolia and the Near East and defined the metallurgical
scene until their gradual replacement by iron at the second half of the 2 nd millennium
B.C. Metal objects appeared with increasing frequency through the 3rd and early 2n d
millennia. In comparison with earlier Bronze Age metal finds, 2 nd millennium metal is
found twice as frequently at sites in Mesopotamia and four times as often in Anatolia
(Chernykh et al. 2002). The era of copper-based alloys is known as the Bronze Age
despite the fact that only after the mid-2nd millennium did true bronze, any alloy of
copper and tin, dominate (Stech 1999).
The metal working traditions of the Bronze Age are the focus of the research
presented here. I will give a general picture of the material remains of these traditions,
and explore the context of the movement of metal and metal objects, first in terms of
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itinerant craftsmen, and second within the Assyrian trade system of the early 2 nd
millennium B.C.
Metal use and processing in Bronze Age Anatolia and the Near East
Assemblages excavated from Bronze Age levels at Anatolian and Near Eastern
sites contain many different types of objects. Jewelry and other decorative items, straight
pins, and figurines are common, as they had been from the beginnings of metal working
(Yakar 1985a). Weapons and tools are also found abundantly in a multitude of forms.
Chief among the weapons are spearheads, axes with and without shaft holes, and daggers;
agricultural implements such as spades, picks, and adzes occur, though less commonly
(Yakar 1985a). For the majority of the Bronze Age, most metal objects were made of
arsenical copper, the alloy of copper and arsenic, that often contained trace amounts of
antimony, nickel, iron, and lead (Yakar 1985a; Yener 2000). Pure copper had been used
for several thousand years and continued to be used through the end of the 3rd
millennium, but Bronze Age smiths understood the advantages of making tools from
alloys and increasingly often deliberately chose metal alloys to make their implements
(Yener 2000; Ozbal et al. 2002). It appears that they favored arsenic bronze. Precious
metals are also known but were not employed in the manufacture of tools or weapons (de
Jesus 1980).
Anatolia
Figure 1.2 shows examples of the main categories of tools and weapons from
Bronze Age Anatolia (Chernykh et al. 2002). Ozbal points out that that regional
differences in typology and technique existed (Ozbal et al. 2002), though the general
forms are similar throughout the area. As mentioned above, the tools and weapons
depicted in figure 1.2 were first fashioned from copper or arsenical copper. Tin bronze
appears infrequently in 3rd millennium Anatolia; the majority of the evidence comes from
only two sites: Troy and Alaca Hiiyik (Stech 1999). Though rare, examples of tin bronze
daggers, pins, chisels, flat axe heads, and other forms were known (Yakar 1985a). Tin
bronze became more prominent towards the 2nd millennium, but never fully replaced the
copper-arsenic alloy (Chernykh et al. 2002; Stech 1999).
Moorey (1985) contends that the production and use of arsenical copper and tin
bronze constitute two separate but contemporary workshop traditions. Stech (1999)
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claims that tin bronze objects were manufactured solely for elite consumption throughout
the Bronze Age, thus accounting for the low frequency of finds. Ozbal et al. (2002)
seconds this interpretation, connecting the lack of tin bronzes at Ikiztepe, a site very near
the tin bronze-using site of Alaca Hiyiik, to the absence of an elite class. Another factor
in the rarity of tin bronze could be the virtual absence of tin ore resources in Anatolia (de
Jesus 1980). The source of tin in Anatolian and Mesopotamian tin bronzes is hotly
debated, and it is well known that tin was not abundant during the Bronze Age. Only at
certain sites was tin in ready supply; for example, Aligar Hiiyuk and Kiiltepe had a steady
trade in tin from Assur in the 2nd millennium, and Tarsus received shipments of tin from
the Mediterranean sphere (Stech 1999).
Near East
As in Anatolia, the Near Eastern Bronze Age metal tradition was predominantly
one of arsenical copper. A wide range of functional and ornamental copper-based metal
objects appear at around the same time as in Anatolia (Moorey 1985). In the Levant,
functional metal objects are found at every early Bronze Age site and include daggers,
crescentic and flat axes, chisels, spearheads, and awls (Genz and Hauptmann 2002).
Interestingly, the appearance of these objects in hoards and graves coincides with the
disappearance of most ceremonial metal goods (Genz and Hauptmann 2002). Tin bronze
appeared in the Near East slightly later than in Anatolia (Moorey 1985; de Jesus 1980).
The royal tombs at Ur yielded the earliest known examples of Near Eastern tin bronze.
Combined with finds from Kish, these objects represent the majority of 3rd millennium tin
bronzes from the Near East (Moorey 1985; Stech 1999). The inventory of these 3rd
millennium objects includes weapons, tools, vessels, and personal ornaments; many of
these objects may have been imported from Anatolia (Moorey 1985; Yakar 1985a). As
in Anatolia, it is suggested that these objects represent luxury or status goods. Similar
forms are known in arsenical copper and are considered utilitarian (Moorey 1985; Stech
1999).
Metal Processing in Anatolia and the Near East
In conjunction with objects made of metal, such as tools and weapons,
implements used in ore and metal processing are also commonly found in excavations.
Important evidence of metallurgical activity, these processing tools are sometimes found
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in workshop settings, such as at Kiltepe or Arslantepe in Anatolia and at Khirbat Hamra
Ifdan and Shahdad in the Near East (de Jesus 1980; Yener 2000; Levy et al. 2002). The
workshop is a starkly different setting than the graves and hordes in which the metal
objects themselves are frequently found (Yener 2000; Stech 1999). Processing tools
recovered from Anatolian and Near Eastern sites include ceramic tuyeres, crucibles,
baked-clay pot bellows, casting ladles, hammer stones for the dressing of ores, and
furnace remains (Figure 1.3; Yakar 2002; Davey 1983; Levy et al. 2002). The presence
of these processing tools at a site is taken to suggest that metal working was done locally,
and provides some insight into the structure of the metal industry at various times in the
Bronze Age (de Jesus 1980; Yener 2000). At Ikiztepe, for instance, moulds have been
found with negatives corresponding to associated metal objects, suggesting that casting
was undertaken locally (Ozbal et al. 2002). In general, metal smithing began as a locally
practiced craft, but in the 2nd millennium B.C. metal production became centralized and
took on an industrial scale, mirroring the general trend toward centralization in Anatolia
and the Near East (Yener 2000; Levy et al. 2002).
Processing metal begins with ore and ends with a finished object. In the
manufacture of metal objects, one of the most important aspects is shaping the metal to
produce the form desired. Shaping can be achieved either through working (physically
deforming) the solid metal or by casting the liquid. Both methods were employed in the
Bronze Age in Anatolia and the Near East.
I will focus on metal casting, since casting requires some kind of mould. Casting
is the process by which molten metal is poured into a depression, or negative, and
allowed to freeze into a solid object. De Jesus (1980) suggests that the first Anatolian
moulds were probably shallow crevasses in stone or depressions in clay, which gave way
to simple open moulds in the second half of the 5th millennium. One characteristic of
open moulds is that they allow the molten metal to be exposed to the atmosphere during
casting. This can leave signatures in the microstructure of the cast object, such as inverse
segregation or preferential oxidation (Davey 1983; Moorey 1985). One site in Iraq
yielded evidence that rudimentary mould coverings were employed to protect against
oxidation (Davey 1983). The extent of this practice is unknown as no such covers have
been found elsewhere.
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The discovery of baked clay cores suggests to some that sand casting was
undertaken in the Near East (Davey 1983). In sand casting, the liquid metal fills a
negative made in the ground or in a moulding box filled with sand or loam. Obviously,
traces of such moulds are not likely to survive in the archaeological record, though often
the metal objects themselves preserve traces of the technique in their rough surface
texture. Dercksen (1996) does, however, offer evidence of ingot casting into permanent
holes in the floor of a workshop in Oman. Whether or not sand casting was common, it is
clear that Bronze Age metal smiths were making moulds. Copious early open moulds of
clay and stone, used to cast flat tools, tanged arrowheads, bar ingots, and jewelry, have
been found during excavations in Anatolia and the Near East (Miiller-Karpe 1994;
Moorey 1985). More advanced mould technologies include two-piece, cire perdue, and
shaft-hole implement moulds (de Jesus 1980).
Throughout the Bronze Age, one particularly noteworthy type of open mould was
manufactured-the multifaceted mould. Primarily an Anatolian tradition, these moulds are
rectangular in cross-section and contain negatives on more than one face. The negatives
on multifaceted moulds generally represent a variety of tool and weapon forms. They
often display at least one bar-shaped negative, such as for casting an ingot. Uni-faceted
ingot moulds are extremely common throughout Anatolia and the Near East, though the
ingots themselves are not (Moorey 1985). Ingots are known to have been traded as raw
materials and in some cases may have served as currency (Moorey 1985; Weisgerber and
Cierny 2002). In addition to ingot forms, negatives corresponding to nearly every known
type of Bronze Age flat tool or weapon can be found on multifaceted moulds (Miiller-
Karpe 1994).
The oldest multifaceted stone moulds come from the late Chalcolithic levels (ca.
3500 B.C.) at Arslantepe in Anatolia (Yener 2000; Ozbal et al. 2002). The moulds
continued to be used throughout the Bronze Age, losing popularity as iron production
increased (Mliller-Karpe 1994; Figure 1.4).1 The occurrence of multifaceted moulds in
the Near East is discussed below.
Multifaceted moulds are sometimes fabricated from ceramic, but more often they
are fashioned from solid rock. The stone types employed by ancient mould makers range
l For a complete catalog of Anatolian moulds, see the volume by A. MUiller-Karpe 1994.
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from sandstone and limestone, to granite, diorite, and serpentinite (Mtiller-Karpe 1994).
Superficially, there does not seem to be a preference for one stone type over another, and
moulds from different materials often display the same negative forms. Since the moulds
are box shaped, only one face can expose negatives for any one pour, though the different
faces combined provide a range of object types. This suggests to some that the moulds
were manufactured to be durable, portable, and multi-purpose (K. Aslihan Yener pers.
comm.: University of Chicago, 2004).
Given this evidence it has been suggested that, as the demand for metal objects
increased across Anatolia, multifaceted moulds were developed and used by traveling
metallurgists who transported casting technology, not a catalog of finished products.
Access to metal resources and fuel, ease of travel, and demand for external smiths must
all be considered when evaluating this proposal. A preliminary exploration of this
proposal is presented below.
Movement of metal and metal objects in Bronze Age Anatolia and the Near East
Metal and metal objects were transported around and between Anatolia and the
Near East throughout the Bronze Age (Dercksen 1996; Yakar 1985b). There is some
indication that selected technologies developed as an aid to or in response to this
movement. The oxhide ingot is one example (Stech 1999). The multifaceted mould may
be another such technology. The movement of metal and metal objects is known to have
occurred through a variety of mechanisms, two of which are discussed here. First, I
consider the role of nomads and itinerant craftsmen in the dissemination of metal, metal
objects, and metallurgical technology, and the possibility that they employed multifaceted
moulds. Second, I explore the established Assyrian trade system and the part it played in
expanding tin bronze production and consumption in Central Anatolia.
Itinerant craftsmen and nomads
Nomads have roamed the extent of Western Asia practicing transhumant animal
husbandry from at least 3500 B.C. (Yakar 1984, 1985b; Canby 1965; Arieh 1985). For
millennia they have interacted with sedentary populations, sometimes hostilely and other
times in cooperation (Yakar 1984). Archaeologists have learned to infer their presence
from the sudden appearance of new burial styles, defensive walls around a site, or novel
pottery or tool types (Yakar 1984, 2000).
23
Some, researchers believe that nomads or itinerants practiced certain crafts in
addition to animal husbandry; one such craft is metallurgy (Yakar 1984, 1985b; Canby
1965; Arieh 1985). Yakar (1984, 1985a, 1985b) hypothesizes that Proto-Indo-European
itinerant smiths entered Anatolia from Central Asia during the Bronze Age and facilitated
the increased spread of metallurgy across the area (see Ozbal et al. 2002 for a counter
argument). His idea rests partially on the discovery of metal objects in Anatolia that are
typical of Central Asian assemblages (Yakar 1984, 1985a, 1985b; Chernykh 1992).
Figure 1.5 shows a typical 2 nd millennium B.C. northern Caucasian assemblage, which
has a clear typological connection to finds from upper Bronze Age levels at Aligar,
shown in figure 1.6 (Chernykh 1992; von der Osten 1937b).
Primary among these objects is the shaft-hole axe which became common across
Anatolia at the start of the 2nd millennium B.C. (de Jesus 1980). The first Anatolian
example of a mould for casting shaft-hole axes was found at Norsuntepe and also dates to
the early 2 nd millennium (de Jesus 1980). This may suggest that the technique of casting
shaft-hole axes was unknown in Anatolia until introduced by Central Asian nomadic
populations. Metal and fuel were abundant and pyrotechnical and processing
technologies were adequate for shaft-hole axe production in Anatolia by the time of the
proposed influx of Central Asians. It is not obvious, therefore, if shaft hole axes and
other diagnostic objects entered Anatolia as finished goods, were cast from negatives on
moulds, or were introduced through technologies imparted by foreign smiths.
Canby (1965) takes up this issue in her discussion of the portability of early
Bronze Age Anatolian moulds made for casting lead trinkets and amulets. She proposes
that metal smiths may have traveled particular routes, selling their wares to varied
audiences along the way. Canby (1965) contends that these smiths cast these small
objects on demand, instead of transporting and selling finished products. By fashioning a
single mould with multiple negatives, the smith would have minimized the bulk and
weight of his baggage. Furthermore, by including negatives for a variety of object types,
he could have appealed to geographically diverse patrons (Canby 1965). Can a similar
hypothesis be put forth for the multifaceted moulds that became popular during the
Bronze Age when populations were actively moving around the Anatolian land mass?
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The issue is far from clear. The demand for a mobile metallurgical tradition is
unproven. On the other hand, non-mobile metalworking is well studied. Workshops are
known from several major Anatolian sites, including Troy, Arslantepe, and Ktiltepe.
Moulds are commonly among the finds from these workshops, including multifaceted
moulds. When published or even known, the archaeological context of casting moulds is
normally within a major habitation site (Miller-Karpe 1994). This certainly represents a
sampling bias to some extent; major habitation sites are more extensively studied than
smaller sites, and very small sites along proposed nomads' routes have not been explored.
For example., in 1980 de Jesus stated that, as no moulds had ever been recovered from
Alisar, it was clear the inhabitants were not involved in metal production and their metal
objects were obtained from elsewhere (de Jesus 1980). This assessment was premature,
as now dozens of moulds from AliSar have been excavated and published (MUiller-Karpe
1994). Since we have no evidence from sites other than habitation sites, it is equally
difficult to say whether multifaceted moulds were used outside of the workshop context.
Additional evidence may eventually emerge. So far there is one example of a mould
found at a smelting site near a copper mine at Gevrek, in the mountains of Central
Anatolia, implying that casting wasn't always confined to the habitation workshop
(Mtiller-Karpe 1994).
Examining the finds from workshops may provide some insight into the
possibility that itinerant craftsmen carried multifaceted moulds on their routes. The
world's earliest known coppersmithing workshop, dating from the mid-5th millennium,
was discovered at Tepe Ghabristan in Iran (Majidzadeh 1976). At this site, finds
representing every phase of metal processing were recovered in situ, providing evidence
that smiths in the workshop cast double-headed picks, single-headed picks, adzes, awls,
and ingots (Majidzadeh 1976). Five moulds were excavated, one for each of the tool
types listed. This fact, in conjunction with the other in situ finds, informs us that the
metal smiths at Tepe Ghabristan were not mobile, though their products may have been.
When contrasted to this example, the ease of transporting a single, multifaceted mould to
areas with metal and fuel, instead of either an inventory of finished objects or a group of
moulds, each designed to cast one potentially desired tool or weapon, seems clear.
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Whether these multifaceted moulds were actually carried from place to place requires
additional evidence, and only preliminary comments are made here.
Though the connection between multifaceted moulds and itinerant craftsmen is
not treated with depth here, it is worth making the final point that multifaceted moulds,
and stone moulds in general, are found primarily in Anatolian contexts. By and large, the
metallurgical traditions of Anatolia and the Near East are similar-similar types of objects
were made of similar alloys using similar processing tools and techniques. But in the
case of multifaceted and stone moulds, Near Eastern smiths did not appear to find them
as useful as did their Anatolian counterparts. While open moulds are abundant
throughout the Near East, the majority of them are made of ceramic and are worked on
only one face. At the mid-3 rd millennium site of Khirbat Hamra Ifdan in Jordan, the
largest metal processing site excavated thus far in the Near East, excavators recovered
hundreds of mould fragments, all of which are ceramic and uni-faceted (Levy et al.
2002). There are no stone moulds mentioned in the assemblage.
Stone moulds with single worked faces have been recovered from Tell Brak in
Syria (ca. 4th or 3rd mill.), and Lachish (ca. 1st mill.) and Serabit el-Khadim (ca. early 3rd
mill.) in the Levant (Oates et al. 2003; Arieh 1985). Festuccia (1998) published several
limestone and basaltic rock moulds from Ebla, a 3r d millennium site in the upper
Euphrates in modern Syria. Some of these are uni-faceted and evidently two piece, or
closed moulds. Others are multifaceted and appear to have counterparts in Anatolia.
Festuccia (1998) makes a point of drawing stylistic parallels between the moulds
discovered at Ebla and those from contemporary Anatolian sites including AliSar Hiiytik,
Kiltepe, Acemhuiytik, and Korucutepe. Are multifaceted stone moulds a hallmark of the
Anatolian metallurgical tradition? Are these moulds a sign of the connection between
Anatolia and Central Asia? Interestingly, Moorey notes that Central Asian-type objects
are all but absent from Near Eastern contexts, which suggests that Central Asians
themselves were absent or uninterested in leaving behind materials or technologies
(Moorey 1994). However, the Near East is not devoid of multifaceted moulds; besides
Ebla, a few examples have been found at Tell Brak (Oates et al. 2003), and Tell Barsip
(ca. mid-3 rd mill.) (Braidwood and Braidwood 1960), Chagar Bazar (ca. mid-3r d mill.)
(Alexandria Irving pers. comm.: The British Museum, 2003), and Rukais (ca. early 2nd
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mill.) in Syria (Jaimie Lovell pers. comm.: University of Sydney, 2004). A study of these
moulds may provide insights into the questions raised here.
If the frequency of occurrence of multi-faceted moulds in Anatolia corroborates
theories of a portable metallurgy in the Bronze Age, one would question why peoples
moving through the Near East didn't develop similar trade tools. Majidzadeh (1976) may
suggest a partial answer when he points out that copper ore resources were abundant in
Anatolia (as well as Iran), though not so in Mesopotamia and other areas of the Near
East. In the specific case of Tepe Ghabristan in Iran, he notes that smiths could access
ore sources within 20km of their workshop while Mesopotamian smiths may have needed
to travel hundreds of kilometers (Majidzadeh 1976). If itinerant smiths intended to carry
moulds instead of finished objects, they would have needed a source of metal in order to
practice their craft. This implies that a successful smith would have traveled established
routes along which metal or ore resources were known to be had. These routes may have
been easier to mark out in a metal rich environment such as Anatolia than in the Near
East. This tentative implication requires a more detailed analysis than can be offered in
this thesis. The questions raised by the appearance and distribution of multifaceted stone
moulds have complex implications.
Assyrian trading colonies in Central Anatolia
In addition to the proposed movement of itinerant groups through Anatolia in the
latter part of the Bronze Age, Assyrian merchants were traveling established routes
between the Mesopotamian center of Assur and a series of trade colonies along the
Euphrates and Central Anatolia from roughly 1940 B.C. to 1700 B.C. (Larsen 1976).
Extensive documentary evidence informs us that these traders carried tin and textiles into
Anatolia from Mesopotamia, and exchanged them for silver at the central trade port of
Kanesh, or Kiiltepe (Larsen 1976). A major city in resource poor Mesopotamia, Assur
derived most of its wealth from trade relations with Anatolia. The volume of trade in tin
was impressive; Larsen (1976) estimates that over a 50 year period some eighty tons of
tin were exported from Assur. Tin traveled from the south to the north and was then
distributed around Anatolia. Very little besides silver seems to have moved from the
north back to the south.
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Only an occasional Anatolian tin bronze household utensil suggests that any items
in metal were ever carried to Assur. No raw resources have been proven to be imported
into Mesopotamia from Anatolia. For instance, though copper was scarce in
Mesopotamia, there is no evidence that copper was traded into Assur from the colonies.
Instead, Assur imported copper from nearby Magan, modern Oman (Larsen 1976). This
stands in direct contrast to the fact that Assyrians were engaged in a thriving copper trade
within Anatolia itself, probably using copper as a currency in indirect exchange for silver
(Dercksen 1996). This silver was then brought back to Assur. There is also no evidence
that any significant level of commerce took place along the routes to and from Kanesh, as
documents testify that shipments of tin and textiles arrived intact at Kanesh and full
payments of silver returned (Larsen 1976). All of this suggests a very strict, well-
regulated system. It is in this context that tin bronze came into common use at major
Anatolian sites like Ktiltepe and Alisar Huiyiik and that multifaceted moulds proliferated
(Stech 1999; Miiller-Karpe 1994).
Did the increased demand for tin from the traders who controlled its distribution
underlie the popularity of multipurpose moulds? I will explore this idea briefly. The
structure of the trade colonies is well documented, though a good deal of the textual
evidence remains unpublished (Larsen 1976). Apparently, Assyrian traders settled in
trade ports outside of Anatolian towns in order to receive tin and textiles exported by
contacts in Assur. The partnerships were most often established within families, but
some texts indicate that independent tradesmen also existed (Larsen 1976). Traders in
Kanesh received the shipments from Assur and sold the metal and textiles to myriad
satellite centers, such as AliSar Huiyiik. There is evidence that the Assyrian state
exercised control over this trade by a system of licenses and through taxation (Larsen
1976). However, the Anatolian polities remained autonomous, and received taxes on the
commercial activity. Larsen (1976) comments that the permanent settlement of Assyrian
traders in Anatolia was regulated by formal agreements with local political powers, not
imposed from the south. Stech (1999) goes on to propose that the idea of tin as a prestige
metal was adopted by Anatolians from Mesopotamians and that this new desire for tin
may have facilitated the formation of the colonies. If Assyrians brought tin into Anatolia
and Assyrians also circulated tin and copper around Anatolia, is it possible to suggest that
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Assyrians were the purveyors of tin bronze within Anatolia? Dercksen (1996) suggests
that, while Assyrians did not trade in bronze alloys, they sustained bronze production by
trading in unalloyed copper and tin, possibly buoying demand by controlling the supply
of both metals.
Given the volume of tin that was entering Anatolia during the Assyrian Colony
Period, it may not be surprising that tin bronze began to gain precedence over arsenic
bronze at the major centers. At Kiltepe, for instance, tin bronze objects increased from 3
finds out of 11 before the Assyrian presence to 9 out of 15 during the height of the
colonial period (Stech 1999). A similar increase is seen at Alisar Hiiyiik (Stech 1999).
On the other hand, smaller sites continued to rely on arsenical copper alloys. This could
be an issue of the supply of or demand for tin; it is not obvious why certain sites did not
use tin bronze. If traders controlled the destination of tin, supply could have been
restricted. If the price of tin was prohibitive or if its function was to signify elite status,
then demand may have played a role (Stech 1999). In either case, tin traders and their
metals were not venturing away from major centers, which provided them with plenty of
business. We must also note that a sampling bias could also be affecting our
interpretation, since major centers are more extensively excavated than minor sites and
non-habitation areas.
As demand for metal increased, metal production intensified. Moulds of all kinds
have become common finds during this period and are considered to be a hallmark of the
presence of a workshop production arrangement. Such workshops often contained
various metal processing paraphernalia such as crucibles and pot bellows (Muller-Karpe
1994). Multifaceted moulds also became abundant at this time. More multifaceted
moulds, both stone and ceramic, are found at Kiiltepe than at any other site in Central
Anatolia; Ali:~ar Hyuiik has the second largest yield (Mtiller-Karpe 1994). Given that so
few multifaceted moulds are found in Mesopotamia, it seems clear that this is not a
technology that arrived with the Assyrian traders. What was the intended use of the
multifaceted mould, which existed side by side with single form moulds? This thesis
does not purport to suggest an answer but does hope to draw interesting correlations
between material remains and the social context of the Bronze Age. Causal relations
behind these correlations should constitute future studies.
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Brief description of the analytical protocol
The movement of metal in and around Anatolia and the Near East has been briefly
discussed and questions as to the role of multifaceted moulds within this movement have
been posed. To understand whether multifaceted moulds facilitated the movement of
metal via nomadic craftsmen or in traders' caravans, an in-depth analysis must be
undertaken. This analysis will require the pulling together of many lines of evidence--
textual, archaeological, and experimental-well beyond the scope of this thesis.
What I present here is a novel method for studying multifaceted stone and
ceramic moulds through materials analytical and experimental techniques that can
constitute a small part of the experimental evidence. To reiterate, how and why
multifaceted stone and ceramic moulds were used during the Anatolian Bronze Age is a
question with a multi-part answer. Some parts of the answer suggest cultural factors;
others are related to the materials and processes themselves. If through analytical and
experimental investigation of the casting materials and processes we can identify the
materials aspects, then the archaeologist is free to explore the cultural components of the
use of moulds.
To this end, I have developed a protocol to study systematically the thermal
damage signatures in stone and ceramic moulds under known and experimental
conditions when molten tin bronze is poured into such moulds. The thermal damage is
then related to the durability of the mould, as a means to understand whether one mould
material performs better than another under casting conditions. If we assume that
availability, workability, and durability are the paramount features of a mould material,
we can also assume that not all mould materials will rate equally. Cursory examination
of these moulds presents no indication that ancient mould makers practiced any
selectiveness when choosing a mould material, except for a preference for stone over
ceramic. It is expected that experimental data obtained through this protocol will begin
to lead us to understand if and why this is so. It is further hoped that the protocol will
provide a general method for analyzing other stone and ceramic objects used in elevated
temperature environments. In this way, this protocol can be applied to a wide range of
problems in anthropological archaeology.
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Since Anatolian metal smiths typically used stone for their moulds, the protocol is
developed primarily for the study of stone. First, I established a set of standards for the
stone type of interest, in this case serpentinite. I heated each serpentinite standard over a
known temperature range and assessed its thermal damage response, in terms of cracking
and mineral transitions. I also discuss the general applicability of the method to other
stone types. Second, I subjected moulds reproduced in serpentinite with dimensions and
forms closely approximating Anatolian artifacts to a series of tin bronze casting
experiments. These experiments allowed me to compare the damage sustained by the
moulds to the damage identified in the standards. Ultimately, damage assessment
identified on ancient serpentinite moulds can be compared with damage on the standards
to obtain an indication of the temperatures to which the moulds were subjected and,
perhaps, to the number of times a mould was used. I controlled variables such as mould
design and bronze alloy composition, in approximation of ancient conditions.
I explored the relevance of the protocol in the analysis of ancient moulds though
the examination of four moulds from Bronze Age Anatolia. These moulds, loaned to
MIT by the Oriental Institute at the University of Chicago, were excavated at AliSar
Hiiyiik in central Anatolia and at Tayinat in southern Anatolia. One mould is made of
stone and three are ceramic, providing me a starting point for the discussion of the
modification of the protocol for non-stone materials. I offer conclusions with regard to
the robustness of the protocol and I give an assessment of whether such a protocol may
facilitate the study of casting moulds in scientific and cultural terms.
As Davey (1983: 196) aptly phrased: "An object's shape may give an indication
of the processes involved in its fabrication and metallographic analysis can reveal the
final phases of that production, but even with the most thorough study the ancient
craftsman will remain a shadowy figure until the actual tools of his profession are
considered."
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Chapter 2: Protocol Phase I
Heat Treatment Experiments Using Stone Tiles as Standards
Choice of standards in building a protocol
In building any protocol, a set of standards must be established so that the
behaviors of the material or materials to be studied are well characterized under the
conditions of the experiment. These standards are manufactured, tested, and analyzed in
a well-controlled manner, thus allowing for the direct correlation of experimental results
to specific experimental conditions. For the purposes of this study, sets of stone tiles
were cut to a standard size, heated to known temperatures, and examined with a Scanning
Electron Microscope (SEM) and an electron beam microprobe. The SEM and
microprobe data obtained define the material response of each stone type to given
temperature conditions, and set out guidelines for the determination of known and
unknown conditions in later experiments.
Categories of rock
Rock falls into three general categories: sedimentary, igneous, and metamorphic.
Sedimentary rocks are formed by the deposition and cementation of particles eroded from
other rocks by wind and water action (Verhoogen et al. 1970). Sedimentary rocks can be
classified by particle size and size variation, particle angularity, and chemical
composition; mineral composition can also help define them (Verhoogen et al. 1970). A
common example of a sedimentary rock is sandstone. Sandstone is so named because the
individual particles of the rock are sand-sized on average, a size that geologists define as
1/16 to 2 mm in diameter (Verhoogen et al. 1970). The dominant mineral component of
sandstone is quartz, silicon dioxide. Sandstones can also contain other depositional
materials and may be sub-categorized according to these secondary components
(Verhoogen et al. 1970).
The second group of rocks is igneous. Igneous rocks are formed when magma, or
melted rock, freezes. This occurs at the earth's surface during volcanic action, or just
below, within the earth's crust, in a process known as plutonism (Verhoogen et. al 1970).
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Granite is a well-known example of an igneous/plutonic rock and is composed mainly of
quartz and feldspars, with lesser amounts of mica, amphibole, magnetite, and limonite
(Klein and Hurlbut 1993). Feldspars are aluminosilicates; the alkali feldspars contain
sodium or potassium, while oligoclase is a feldspar with some calcium component
(Verhoogen et al. 1970). Mica appears to the eye as shiny, often golden, inclusions and is
defined as a potassium iron magnesium aluminosilicate (Verhoogen et al. 1970).
Magnetite is the common name for iron oxide (Fe 30 4). Because igneous rocks like
granite form as magma freezes, minerals become incorporated into the rock in the order
of their melting points. Therefore, igneous rocks are categorized by mineral make-up,
instead of particle size as in sedimentary rocks.
When solid sedimentary or igneous rocks are subjected to high temperatures and
pressures at the earth's crust, they often recrystallize without melting, undergoing
physical and mineral changes which differentiate them from their parent rock (Verhoogen
el: al. 1970). The new rock is sufficiently different from its parent to warrant a third
category: metamorphic. Marble, for instance, is the metamorphosed form of the
sedimentary rock limestone, CaCO3. While maintaining the bulk chemical signature of
limestone, marble may differ from limestone in its crystal structure, grain size, and
material constants, such as thermal conductivity and hardness.
All rocks can be placed in one of the above three groupings. As discussed, the
general characteristics of the rock are defined by its grouping. However, both between
and within groups, the properties of the sundry rocks can vary widely. As the protocol is
developed in this thesis, the similarities and differences between individual rocks are
carefully considered.
Defining a protocol
A protocol is most useful if it is applicable to a wide but bounded range of
materials. In the research under discussion here, the aim is to develop a protocol that is
appropriate for all three of the major rock categories defined above. Such a protocol
offers to examine sedimentary, igneous, and metamorphic rocks under a single set of
conditions. Doing so will encourage fidelity of method and validity of comparison
between rock categories. The goal of this research is to develop a protocol that will aid in
distinguishing stone responses between those that are materially determined and therefore
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constant, and those that are experimentally determined, and therefore a possible reflection
of cultural constraints. As an example, the relative crack densities of heat-treated
sandstone, marble, and granite, as measured by this protocol, can be meaningful in
determining the durability of each rock type when subjected to elevated temperatures.
Assessing durability can then be one means to explore why some stone types were
fashioned into metal casting moulds while other stone types were not, or why some
materials were employed despite their poor performance as moulds.
Sandstone, granite and marble are mentioned as examples of one rock type from
each of the three major categories. They themselves represent general subcategories;
there are many kinds of sandstones, granites, and marbles. It is well known, for example,
that a marble from one outcrop may have different physical and chemical characteristics
than marble from another, for example (Brian Evans pers. comm.: MIT, EAPS, 2004; B.
Clark Burchfiel pers. comm.: MIT, EAPS, 2004). In fact, the properties of rock can
differ between different areas within a single outcrop. This leads to a substantial caveat
about the standardization developed in this protocol: a set of standards is standard only
for rocks with very similar physical and chemical properties. This means that in order to
obtain accurate data from this or any protocol, the standards must be carefully chosen to
best approximate the stone under experimental examination. In the best case,
standardization would consist of a large number of stone standards from the same outcrop
as the experimental stone, such that analytical data would be statistically significant and
error bars could be defined. In many archaeological cases this is impossible, as the
source outcrop may be unknown or inaccessible.
When this situation arises, it is logical to choose a particular sandstone, granite, or
marble that has been used as a standard elsewhere, or that has been otherwise well-
characterized. Published data on the material constants of rocks can be helpful and time-
saving when exploring the material response of rocks to experimental conditions. For the
purposes of this protocol, I chose Westerly granite, Berea sandstone, and Carrara Marble
as stone standards. Extensive literature exists on the physical constants of these three
rocks and will not be discussed here (e.g. Zhang et al. 2001; Rutter 1995; Takemura and
Oda 2004; Hoxha et al. 2005; Hamiel et al. 2004; Haimson 2003).
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As an aid to developing the protocol, I used examples of the three rocks
mentioned above to help define a method of establishing appropriate standards for my
experiments. However, the focus of this work is on serpentinite, a much less well
characterized rock, which was commonly used in ancient Anatolia as a tool and mould
material. I acquired a large sample of this serpentine-bearing rock that had been quarried
at Vermont Quarries in Danby, Vermont and standardized it in the same manner as the
Westerly granite, Berea sandstone, and Carrara marble. I used this stone, known by the
trade name Antique Verde serpentinite, as the mould material in all my tin bronze casting
experiments.
Standardization of the response of different rock types
to varying temperature conditions
When exposed to high temperature, rock undergoes chemical and physical
changes. One goal of this protocol is to identify and quantify these physical and chemical
changes as a function of temperature. Thermal cracking is the visible consequence of one
such physical change. Fredrich and Wong (1986: 12,743) point out that "thermal
cracking [of rocks] results from the internal stress concentration induced by thermal
expansion anisotropy... or thermal expansion mismatch..." While also dependent on
material properties such as grain size and porosity, the density of cracks in rock has been
shown to correlate to exposure to elevated temperature (Fredrich and Wong 1986).
Rock can crack in two distinct ways: along grain boundaries and within grains. In
the case of Westerly granite, researchers have shown that grain boundaries fully crack at
relatively low temperatures while intragranular cracking becomes extensive as
temperatures rise (Fredrich and Wong 1986).
The extent of cracking within a volume of rock is a defined quantity known as
crack density:
Sv = 2PL
where Sv is the crack surface area per unit volume, and PL is the mean number of cracks
per unit length (Fredrich and Wong 1986). The protocol presented here seeks to correlate
crack density to temperature for the materials under study, and particularly for
serpentinite.
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Chemically, rock can undergo many changes as it is exposed to increasing
temperatures. Phase diagrams give us a guide to the temperatures at which important
transitions occur, and well designed experiments can confirm the results for the materials
under study. Evidence of a transition is proof that a rock has been exposed to, at a
minimum, the temperature of the transition. Chemical changes should leave detectable
chemical signatures and often a visible, physical signature as well.
Each stone in this study is expected to undergo different heat-induced transitions.
Principal among the chemical changes for granite at atmospheric pressure is the
amphibole crystallization temperature of about 1100°C, above which the first components
of granite begin to melt (McBirney 1984). When components of granite begin to melt,
the rock takes on a glassy, smooth appearance. A second transition in granite is the
dewatering temperature of mica. At 550-650°C mica gives up water, leaving visible
pores at the surface of the rock (Deer et al. 1966).
The major transition for calcitic marbles is a dramatic decarbonation reaction that
occurs at 900°C at 1 atm. This decomposition reaction changes the calcium carbonate into
lime (calcium oxide) and carbon dioxide (Klein and Hurlbut 1993):
CaCO 3 CaO + CO 2
Lime is a powdery white substance that reacts exothermically with water; carbon dioxide
is a gas. For this reason, marbles subjected to elevated temperatures, above 900°C, are
essentially destroyed.
Sandstone proves to be a more difficult rock to analyze for mineralogical changes.
Since sandstone is almost totally composed of silica (SiO2), it does not experience
melting at the, relatively low temperatures of concern to this protocol. The quartz does
transition from low to high quartz at 5730C and from high quartz to tridymite at 7000 C,
but the processes are reversible, and there will be no chemical evidence of these
transitions during room temperature analyses (Winkler 1973). It is possible that the
quartz transitions, which constitute a change in crystal structure, could increase the
amount of cracking at the grain boundaries of the sandstone, but mineralogically they
leave no trace.
At atmospheric pressure, serpentine, the major mineral in serpentinite,
decomposes to talc and forsterite at 500°C (Ahrens 1995). Serpentine also dewaters at
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700-8000C, leaving visible traces of the escaping gas (Deer et al. 1966). These reactions
also result in a color change and an increase in the brittleness of the rock. Minor
components in serpentinite such as dolomite, mica, and magnetite can also undergo
reactions at elevated temperatures. Dolomite (CaMg(CO3)2), like its cousin calcite,
decomposes near 800°C. Mica dewaters at 550-650°C (Deer et al. 1966). Magnetite
breaks apart and begins to diffuse through the bulk serpentine by 600°C.
Method of standardization
Phase I of the protocol for studying the thermal response of stone and ceramic
moulds from Bronze Age Anatolia is the definition of the thermal behaviors of a set of
stone standards.
Preparation of stone as standard tiles
To begin, square foot slabs of Westerly granite and Carrara marble were obtained
from Dr. Brian Evans in the Department of Earth, Atmospheric, and Planetary Sciences
(EAPS) at MIT. So-called "student samples" of Berea sandstone were purchased from
Ward's Natural Science, a laboratory supply retailer in Rochester, NY. Finally, a square
foot slab of Antique Verde serpentinite was obtained from Cristoff Spathe at the Digital
Stone Project in Mercerville, NJ. Each stone type was cut into a number of 2 cm2 tiles of
approximately lcm thickness using an oil lubricated, diamond blade geological saw.
Additional grinding of the surfaces with a rotating abrasive wheel insured that the
samples were flat and fairly uniform in thickness.
Heat treatment of standard tiles
Once the tiles had been cut, one tile from each stone type was placed in a Deltech
Inc. "Top Hat" high temperature laboratory furnace and heated to a maximum
temperature. The tiles were surrounded by refractory brick to reduce convective heating
in the furnace and to ensure a uniform temperature at the sample. A type K thermocouple
was inserted into the middle of the furnace to monitor the temperature very near the tiles.
The temperature was increased from 25°C at a controlled rate of 15 degrees per minute,
and the tiles were held at maximum temperature for 12 hours. This heat soak ensured
that the tiles came to thermal equilibrium throughout their thickness. After 12 hours the
heat was shut off and the tiles were allowed to cool to room temperature in the enclosed
furnace. Each of the four stone types was subjected to three temperature conditions,
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25°C (room temperature), 400°C and 1150°C. The temperatures were chosen to
approximate the conditions that stone moulds may experience during casting.
Microscopic examination of standard tiles
When cooled, the samples were removed from the furnace and cut into sections
using a low speed, water lubricated saw. The sections were then mounted in a Buhler 5:1
self-hardening epoxy and vacuum impregnated, leaving an interior surface exposed for
analysis. The sections were polished to a mirror finish using a series of progressively
finer-grit silicon carbide pastes on glass, followed by diamond paste on a rotating wheel
and finally 0.05 micron alumina on a rotating wheel. The polished sections were then
examined microscopically.
Gross morphologies were observed at low magnification using a Leica DMLM
reflected light microscope fitted with a digital camera. Higher magnification images of
the granite and serpentinite tiles were captured on the Jeol JM-5910 SEM housed at the
Center for Materials Science and Engineering (CMSE) at MIT. The mineral components
of the serpentinite standards were identified using a Jeol Superprobe 733 electron
microprobe fitted with both an energy dispersive x-ray (EDX) and a wavelength
dispersive x-ray (WDX) analyzer at MIT EAPS.
Determination of crack density
Crack density analyses were completed only for the granite and serpentinite
samples. The granite samples were used as proof of concept, since similar work has
already been done on Westerly granite (Fredrich and Wong 1986). The serpentinite is the
stone that would be used in later phases of the protocol, thus requiring thorough
standardization. Due to time constraints, the marble and sandstone were not analyzed for
crack density.
Twenty-five random images of each mounted, carbon-coated serpentinite and
granite section were taken at OOOX. These images were then processed in Photoshop,
and the cracks were counted. Crack counting involves randomly orienting a 2.5 cm2 grid
containing 10 lines on an SEM image and counting the number of times a crack intersects
a grid line (Brian Evans pers. comm.: MIT, EAPS, 2004). Four random areas were
counted on each image and the number of intersecting cracks was tallied in a spreadsheet.
The cracks were separated into grain boundary cracks and intragranular cracks, but the
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final crack density, Sv, was determined using the total of all cracks counted. It is
expected that marble and sandstone can be analyzed in exactly the same manner as
described for granite and serpentinite.
Determination of mineralogy
Following crack density determinations, detailed mineralogical analysis was
completed on the all serpentinite tiles with the help of Dr. Nilanjan Chatterjee at MIT
EAPS. Three areas on the surface of each carbon-coated section were randomly spot
probed to identify the mineral components.
Results and discussion
Low magnification images
The standard tiles were heated to a various temperatures. The room temperature
samples provide a baseline for the crack density and mineral components of the stone
type as it was quarried, before any heat alteration. The middle temperature, 400°C, was
chosen to represent a temperature that could have been achieved easily in a Bronze Age
Anatolian metal workshop and a temperature to which the moulds may have been
preheated. Like modern castings performed with stone moulds, it is possible that the
ancient moulds were preheated in order to drive off water and prevent condensation or
steam formation during metal casting (Paul Cavanagh pers. comm.: Paul King Foundry,
2004) or to maintain the fluidity of the liquid metal as it is poured (Davey 1983). The
higher temperature, 1150°C, is above the melting point of bronze containing 10% tin by
weight (m.p.= 1010°C), and approximates the temperature conditions encountered by the
stone when super-heated molten metal is poured during casting. Since serpentinite is the
focus of the study, an additional serpentinite standard was established. This tile was
heated to 600C, a temperature just above the talc transition, which is expected to affect
the crack density in the stone.
Using a Leica DMLM reflected light microscope fitted with a digital camera,
images at 50X, 1OOX, and 200X were taken of each marble, sandstone, granite, and
serpentinite section. While crack density cannot be determined accurately at these
magnifications, gross morphologies and some changes in microstructure can be
discerned.
39
Granite standards
The room temperature granite standard tile happens to have a large natural fissure
running across the entire length of the surface. In the vicinity of this fissure, small
intragranular cracks are noticeable. Elsewhere intragranular cracks, as well as grain
boundary cracks, are infrequent (Figure 2.1). In some areas, the surface displays large
angular pores which are probably pluck outs. Pluck outs are holes in the surface where
single grains have been removed during mechanical polishing. In this case, the angular
minerals were removed preferentially (Figure 2.2).
As expected, the grain boundaries in the 400°C granite standard are cracked to a
greater extent than in the unheated sample, and intragranular cracks are also more
abundant (Figure 2.3). The 1 150°C standard is highly cracked within the grains, and the
grain boundaries are difficult to define, probably because they refilled when the granite
began to melt at 1 100°C. The 1 150°C standard also has the added feature of rounded
vesicles, a result of mineral dewatering as temperatures elevate (Figure 2.4; Brian Evans
pers. comm.: MIT, EAPS, 2004).
Marble standards
The room temperature marble tile also has a prominent fissure across its surface
which is surrounded by highly intragranularly cracked grains. Elsewhere, however, there
are few intragranular cracks (Figure 2.5). Though the grains are easily delineated by
color, the boundaries are generally not cracked. The 400°C standard shows increased
intragranular cracking and a larger number of pluck outs (Figure 2.6). Assuming that
polishing procedures are similar between samples, pluck outs can serve as an indirect
measure of temperature damage; pluck outs occur more frequently in samples heated to
higher temperatures. This is probably a result of cracking along grain boundaries that
could loosen the grains from the bulk matrix. The damage structures of marble were
explored in only two samples. The final marble standard, heated to 1150°C, was
completely decarbonated to lime and could not be mounted and examined.
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Sandstone standards
Turning now to the sandstone standards, the unheated sample shows easily
differentiated grains within the cementitious material that loosely consolidates the matrix
(Figure 2.7). Berea sandstone is extremely friable and grains are readily removed. There
is intragranular cracking in all sandstone standards, and the frequency of intragranular
cracking does not appear to increase between the room temperature and 400°C samples
(Figure 2.8). There is a marked increase in intragranular cracking in the 1150°C sample,
such that the majority of grains have visible cracks within them (Figure 2.9). There is
also a clear trend in number of pluck outs; the standard heated to 1150C has the most,
with the 400'C standard containing fewer, and the room temperature standard showing
the fewest. Finally, the 1150°C sandstone sample has round pores, similar to those seen
in the granite surface, which is probably a result of the loss of water from the matrix.
Serpentinite standards
Lastly, the serpentinite displays some marked changes in gross morphology
between standards heated to different temperatures. The unheated, room temperature
sample has an abundance of angular grains and areas where the angular grains have been
plucked out (Figure 2.10). The grain boundaries are thinly cracked, when at all, and there
is little intragranular cracking (Figure 2.11). The 400°C standard has a similar
appearance to the room temperature sample (Figure 2.12). Above 500°C, serpentinite is
expected to decompose thermodynamically to talc and forsterite, and this transition may
be the cause of changes in the 600°C and 1150°C standards. First, there is a striking
difference in color between the two groups of standards. The room temperature and
400°C standards are dark green, the color that inspired the name serpentine, the major
mineral component of serpentinite. In contrast, the 600°C and 1150°C standards are
brown, gray, and orange in color. Under the microscope, an abundance of white matter is
evident in the grain boundaries of both the 600°C and the 1 150°C samples (Figure 2.13).
Needle-like grains, as well as angular pluck outs, are abundant in the 600°C standard
(Figure 2.14). The grain boundaries are difficult to discern and seem cracked to a similar
or lesser extent in the 600°C standard than they are in the lower temperature standards.
The frequency of intragranular cracking appears to have increased slightly over the room
temperature and 400°C standards.
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Turning to the 1150°C serpentinite standard, we see that its surface has an overall
smoother appearance than the other three serpentinite standards. There are many fewer
areas of pluck outs, and the grain boundaries appear to be filled (Figure 2.15). It appears
the stone had begun to melt at this elevated temperature, smoothing out the needle-like
grains and filling in the major cracks. Though smooth, the surface is cracked within the
grains and there are large round pores, probably evidence of dewatering.
Crack density
In order to better resolve fine structures at the surface and make quantitative
assessments of the damage imparted at various temperatures, the granite and serpentinite
standards were examined by SEM. As a first step, and following the work of Fredrich
and Wong (1986), the crack density of the heat treated Westerly granite samples was
calculated. As mentioned above, Fredrich and Wong (1986) reported that grain
boundaries in Westerly granite are extensively cracked by 250°C and fully cracked by
500°C. They report that intragranular cracking increases with temperature and shows a
drastic rate increase after 250°C. With the number of samples and temperatures analyzed,
they were able to make quantitative determinations of the extent of cracking, though the
error bars reported for their analyses were large (as high as 25% of the value) (Fredrich
and Wong 1986). With only one standard per temperature, it was not possible to do error
calculations for the work presented here. Instead, the three unique samples serve to
verify the technique, as modified for this protocol, before it is applied to other stone
types.
Table 2.1 shows crack counts for each granite sample. The crack counts are
separated into grain boundary and intragranular cracks and represent the totals of the 100
data points collected in the manner described earlier. The crack density is calculated. In
absolute terms, the crack density calculated by Fredrich and Wong (1986) for their
Westerly granite samples is greater than that obtained by the analyses performed in this
study (Table 2.2). This discrepancy can be accounted for by differences in their method
of collecting and analyzing the images. Fredrich and Wong's crack densities include
minute cracks; that are extremely difficult to discern at 1000X. They verified the
presence of these fine cracks by increasing the image magnification, a step that was not
taken in the work here. They also observed a more dramatic increase in cracking in the
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lower temperature range of their experiments than seen here. In this study, the crack
densities of the room temperature and 400°C standards are nearly equivalent, within
some approximated margin of error. This could be due to a sampling anomaly, or to the
counting methods employed. Further analysis may shed light on the origin of this
discrepancy. A large increase in both grain boundary and intragranular cracks is noted
between the 400°C and 1150°C standards explored here. The grain boundary crack
quantity increased by 41% while the number of intragranular cracks only increased by
about 12%. This result is in contrast to the findings of Fredrich and Wong and opposite
to the visual impression at low magnification. Again, this is probably due to the
overlooking of tiny cracks or to the miscategorization of grain boundary versus
intragranular cracks.
After the general effectiveness of Fredrich and Wong's method was demonstrated
for the granite samples, the four serpentinite standards were examined in the same way.
The results are shown in Table 2.3. The three lower temperature standards yielded nearly
constant crack densities (Sv), while the highest temperature standard, 1150°C, yielded a
lower crack density. The number of intragranular cracks increases with increasing
temperature to 600°C, but decreases between the 600°C and 1150°C standards. The grain
boundaries are equivalently cracked in the 25°C and 400°C standards, but we see a
decrease in grain boundary cracking in the 600°C and 1150°C standards. Thus while
intragranular cracking increased at 600C, grain boundary cracking decreased by an equal
percentage and Sv remained constant. Referring back to the low magnification images,
this result is expected. The room temperature and 400°C standards, temperatures below
the talc transition, had a similar appearance under the light microscope, while cracking
was visibly increased within the grains of the tile heated to 600°C. The elevated
temperatures probably aided in the healing of some grain boundary cracks, leading to a
decrease in the measurable boundary cracking in the two post-transition samples.
Melting also reduced measurable intragranular cracking in the 1150°C standard.
These data suggest that despite expected mineral transitions and visible changes
in surface morphology, the crack densities (Sv) of granite and serpentinite do not change
dramatically until extreme temperatures are reached. A certain amount of cracking
occurs upon heating the stones, but remains fairly unchanged until close to the melting
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point of the mineral components. This result is surprising and must be verified with
additional tests (Brian Evans, pers. comm.: MIT, EAPS, 2005). In the absence of
additional information, the quantity of data and resolution between data points presented
here are insufficient to correlate crack density to temperature. Analyses on samples
heated to additional temperatures and examined at magnifications greater than 1000 may
provide the desired correlation; this is encouraged for future work.
Nevertheless, for the purposes of this protocol, general connections can be made
between the behavior of the standard tile and the behavior of an archaeological mould.
Though the specific temperature attained by specific areas of a mould will not, as of yet,
be determinable, quantifying crack densities on cross-sections of the moulds will reveal
which areas were heated to a much greater degree than the others.
Finally, initial low magnification analysis of marble and sandstone suggest that
high magnification imaging could yield interesting and diagnostic results concerning the
correlation between temperature and crack density. It is assumed that a greater number
of samples analyzed at a range of magnifications would also benefit these analyses. As
the protocol for studying stone moulds takes shape, it is important to assess its capability
for use with other stone types. Preliminarily, it appears that crack counting can be
accomplished on many types of stones, although the correlation between a specific
temperature and the quantity Sv was not established here.
Mineralogy
In conjunction with the quantitative determination of crack density in standards of
serpentinite, changes in mineralogy were determined. Since the focus of the study is the
behavior of serpentinite, it was the only set of standards to be characterized
mineralogically. The mineral components of a rock can undergo changes at different
temperatures. At some defined pressure, a phase transition can become energetically
possible at a defined temperature, and this thermodynamic expectation is mapped on a
phase diagram. Whether the transition is actually possible to observe is based on the
kinetics of the transition. Some transitions, while resulting in an overall lower energy
state, may require so much activation energy that the transition is probabilistically
impossible. The transition from diamond to graphite is one popular example. The
identification of a phase transition is diagnostic of a temperature condition. The absence
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of a phase transition does not necessarily indicate the temperature history of the rock.
The analysis of standards informs us of what transitions to expect under the experimental
conditions outlined in this research.
Serpentinite is thermodynamically favored to decompose to talc and forsterite at
500°C. If this transition is observed in a piece of serpentinite, one can confidently state
that the stone had been exposed to temperatures at least up to 500°C. But will the
transition occur and will it be observable under the temperature conditions that obtain
during casting? By analyzing the mineral components of serpentinite standards using an
energy dispersive x-ray (EDX) microprobe, one can determine the diagnostic nature of
any phase transitions.
EDX analysis on the room temperature sample catalogs the mineral content of the
sample as unaltered by artificial exposure to heat. The serpentinite used in this study is
nearly mono--mineralic; the majority of the bulk is made of the mineral serpentine.
Separated from this bulk are two accessory minerals: magnetite and chromite, or iron
chromium oxide (Figure 2.16). There is also a small amount of nickel sulfide, which
appears as small white dots within the serpentinite matrix. In some areas brucite, or
magnesium hydroxide, is detected (Nilanjan Chatterjee pers. comm.: MIT, EAPS, 2005).
The 400°C standard also contains magnetite, and there are again detectable amounts of
chromite and brucite. Examining the higher temperature standards, EDX does not
suggest that the serpentinite underwent the talc transition as expected at 500°C. Instead,
EDX combined with SEM reveals that a portion of the serpentinite begins to dehydrate
by 600°C while the hydrated areas start to melt. This allows aluminum and iron to
segregate in the melting areas and also results in an overall color change on the surface.
Magnetite begins to migrate to the grain boundaries and appears as the white matter noted
in low magnification observation (see Figures 2.13 and 2.16).
By 150°C, the serpentinite has totally dehydrated and much of the magnetite has
broken up into very small rounded particles. Many of these iron oxide particles
aggregate in the grain boundaries, but at higher magnification it is clear that magnetite
has diffused throughout the bulk of the material (Figure 2.17). The larger magnetite
inclusions contain magnesium, a result of magnesium diffusion from the melting
serpentinite. Finally, there is a small amount of periclase, magnesium oxide, in the bulk.
45
Since periclase is one of the decomposition products of serpentinite and is not observed
in the lower temperature samples, the periclase here is indicative of exposure to elevated
temperatures (Nilanjan Chatterjee pers. comm.: MIT, EAPS, 2005).
It is clear that the chemical and physical changes to the minerals in serpentinite
correlate strongly with temperature, unlike the crack densities determined above. Though
not all thermodynamically expected transitions are seen, notable changes occurred
between each standard temperature, and these may prove diagnostic. Analysis of
additional standards heated to intermediate temperatures would serve to verify this
preliminary result and determine how precisely the chemical changes track temperature.
The EDX results suggest that mineralogy may provide reliable information about the
temperature conditions during casting into manufactured serpentinite moulds, the subject
of the next section. Future work can also determine if mineral transitions are equally
diagnostic in different types of stone.
46
Chapter 3: Protocol Phase II
Experimental Casting of Tin Bronze into Serpentinite Moulds
Desi2n of controlled castin2 experiments
Having established a guideline for analyzing the chemical and physical effects of
elevated temperature on stone standards, a series of controlled casting experiments was
undertaken to simulate casting conditions of the Bronze Age in Anatolia, and to further
relate the response of the mould material to the temperature conditions of casting. One
major goal of this research, and in designing this protocol, is to aid in determining the
conditions that obtained during the casting of tin bronze implements by Bronze Age
metal smiths in casting tin bronze implements. Therefore, the mould design and material,
as well as the composition of the tin bronze, were carefully selected to mirror materials
and styles known from the Anatolian Bronze Age.
Serpentinite was chosen as the mould material, since published reports indicate
that serpentinite was in common use as a mould material in the 3rd and 2n d millennia BC
in Anatolia (Miller-Karpe 1994). Several serpentinite moulds were excavated at AliSar
Hiyiik, the central Anatolian site from which three of the moulds studied in chapter 4 of
this thesis were excavated (Figure 3.1; von der Osten 1937a, 1937b). Serpentinite was
also widely used as a vessel material and was fashioned into flat axes and hammers
during the Early Bronze Age (von der Osten 1937a, 1937b). Typologically, Anatolian
serpentinite moulds were used to make bar and ring ingots, blade-like tools, and figurines
(Muller-Karpe 1994). Other rocks in common use as mould material throughout Anatolia
include sandstone, limestone, and steatite. Moulds from these rocks also produced
ingots, tools, and weapons of various shapes (Miiller-Karpe 1994). Indeed there does not
appear to be any correlation between stone type and negative form. Given this
information, ][ chose one Bronze Age mould design for replication and used this mould in
the controlled casting experiments described below.
Replica mould
The mould chosen for replication is a typical example of a Bronze Age bar ingot
mould (Muiller-Karpe 1994; Figure 3.2). It is fabricated of limestone and was found
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during excavations at Kiltepe. As discussed in chapter 1, Kiltepe is a site in Central
Anatolia which, like Alisar Hiiyik, was involved in the metals trade with Mesopotamia in
the late 3rd and early 2nd millennia B.C. The open, bi-face replica mould can produce
four bar ingots on one face and one spearhead on the opposite face (Figure 3.3). A
comparison of figures 3.2 and 3.3 shows the close correspondence in form and
dimensions between the original and replica moulds. The replica mould was fashioned of
Antique Verde serpentinite by Christof Spathe at the Digital Stone Project in Mercerville,
New Jersey, using a computer controlled abrasive tool that is able to mill stone to the
precise dimensions that I specified, which correspond closely to the dimensions of the
original Kiltepe mould. In this way, the dimensional variation between the negatives of
each mould was kept extremely low. The low variation between individual negatives
reduces possible experimental uncertainty due to mould dimension. A series of test
moulds was milled from the same serpentinite but with only one ingot on one face
(Figure 3.4). These single ingot moulds were used in preliminary tests to determine the
appropriate experimental conditions for casting into the larger replica moulds.
Tin bronze alloy composition
Based on published reports, the replica ingot mould made of serpentinite is an
accurate representation of the types of moulds available to Bronze Age metal smiths in
Anatolia (Muller-Karpe 1994; von der Osten 1937b). The alloy cast into these moulds in
my casting experiments was also chosen to fit the criterion of comparability between
ancient and modern alloys. Previous analysis of Bronze Age metal objects from Anatolia
have shown that in the 3r d and 2n d millennia BC, copper, arsenical copper, and tin bronze
were being used simultaneously (Pigott 1999). The arsenical coppers may have resulted
from the smelting of polymetallic ores, or the cosmelting of copper-bearing and arsenic-
bearing ores (Yener 2000; Ozbal et al. 2002). On the other hand, tin bronze was the
result of the deliberate mixing and melting of copper and metallic tin; the tin was smelted
from cassiterite at the ore source (Maddin 2002; Yakar 1985a). Tin and tin-bearing ores
were not abundant resources in Anatolia, and it is generally accepted that tin was
imported there. Many scholars point to this when noting that nowhere during the
Anatolian Bronze Age did tin bronze become the dominant alloy (Stech 1999). Only in
the very latter, part of the Bronze Age, in the 2n d millennium B.C., did tin bronze
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metallurgy expand across Anatolia. Trade relations between Central Anatolia and Assur
ensured that tin was available at sites such as AliSar and Ktiltepe; western Anatolia and
the Troad may have been supplied via maritime routes (Pigott 1999; Stech 1999).
In choosing an alloy for the experimental casting described here, the
comparability between ancient and modern alloys was one concern. My serpentinite
mould was modeled from a mould excavated at late Bronze Age Ktiltepe, a site where tin
bronzes were abundant (Stech 1999). Therefore, it is likely that some of the casting
carried out at Kiiltepe was of tin bronze. Though tin content varied widely and does not
appear to strongly correlate with object type in Anatolia and the Near East (Pigott 1999;
de Jesus 1980; Yakar 1985a; Moorey 1994) researchers suggest that bronze consisting of
10% tin by weight is a particularly good alloy for casting tools and weapons (Pigott 1999;
Yakar 2002). Analyses of objects excavated at various Bronze Age Anatolian sites
indicates that alloys in the range of 5-10 weight % tin were most commonly used (de
Jesus 1980).
The second major concern in choosing an alloy is the ease of fabricating that alloy
in the modern laboratory. The popularity of arsenical copper in the Bronze Age has been
discussed but despite its prevalence, I did not choose to utilize it. The arsenic in molten
arsenical copper is volatile and possibly detrimental to the health of the metal smith
(Stech 1999; Lechtman and Klein 1999; Lechtman 1996a; Moorey 1994; contra de Jesus
1980). Furthermore, smelting or co-smelting arsenide ores would have complicated the
experiment unnecessarily. Therefore, arsenical copper was not considered an appropriate
alloy for these casting experiments. Unalloyed copper was also not considered, as it had
become less and less common toward the start of the 2 nd millennium when the Kiltepe
mould was in use. Also copper is much more difficult to cast than copper alloys (Pigott
1999). Tin bronze, on the other hand, is easy to fabricate, generates no critical health
risks, and was in use increasingly frequently during the later Bronze Age in Anatolia.
For the following experiments, I prepared button ingots of 10 weight % tin bronze
for later remelting and casting with the help of Toby Bashaw at the MIT forge. High
purity copper and tin shot were obtained from Alfa Aesar in Ward Hill, MA. A desired
weight of copper shot was melted before the appropriate weight of tin shot was
introduced into the same clay-graphite crucible, which was heated in the forge over a
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bituminous coal fire. The metal mixture was allowed to cool in the crucible, resulting in
a button-shaped alloy ingot (Figure 3.5). The ingot in figure 3.5 weighs 260g and
contains enough metal to fill the four bar negatives in the replica mould. Smaller ingots
weighing 60g were also made for use with the single bar test moulds as well as for
casting the spearhead on the replica mould (Figure 3.6).
Though the experimental mould material and design as well as the alloy
composition simulate Bronze Age conditions, the exact casting process employed by
Bronze Age smiths is unknown. I undertook a set of controlled experiments in order to
begin to determine how metal smiths may have manipulated moulds and metal during the
casting of tin bronze implements. By employing the protocol under development here,
the results of these experiments may be used to piece together a partial picture of the
mould casting process in Anatolia four thousand years ago. The casting experiments are
designed to allow the moulds to be analyzed in the same manner as the standard tiles (see
chapter 2). After the experimental castings were complete, the moulds were examined to
determine crack density and changes in mineralogy. I also completed metallographic
analysis of three of the experimental castings in order to determine if the casting
conditions affected the microstructures of the resulting objects.
Single ingot castings
The initial experimental castings were undertaken at the Paul King Foundry in
Johnston, RI under the supervision of Paul Cavanagh and Roland Houde. In this set of
experiments, a single-negative test mould was placed in a furnace programmed to one of
a series of temperatures. The moulds remained in the enclosed furnace until they were at
the same temperature as the furnace (Figure 3.7). The moulds did not return to room
temperature during the experiment. At a minimum, the moulds must be preheated to
200°C to drive excess water from the pores of the stone. If this is not done, steam can
form during casting causing the metal to spatter (Paul Cavanagh pers. comm.: Paul King
Foundry, 2004). Furthermore, Davey (1983) suggests that Bronze Age smiths at the site
of Tell Edh Dhiba'I in Iran preheated their moulds in order to retard the solidification of
the metal as it was poured into the negative, thereby obtaining a more homogeneous, less
porous casting. While water desorption and controlled metal solidification may result
from preheating the mould, the extended exposure to heat may also cause the mould to
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begin to crack, depending upon the temperature of the preheat, as seen in the standard
tiles. To explore the effect of preheating at a range of discrete temperatures on the mould
fabric and on the quality of the casting, single ingot moulds were heated to 200°C,
400°C, 600°C(, and 900°C prior to casting.
To accomplish the casting at the Paul King Foundry, a single preheated mould
was removed from the furnace at the same time that a small button ingot was melted in a
clay-graphite crucible. We used an oxyacetylene torch to melt the alloy. Once molten,
the tin bronze was poured directly into the still hot mould. The temperature changes
during and following the pouring of the metal were measured by two Nextel insulated
type K (chrornel-alumel) thermocouples inserted into two lcm deep holes previously
drilled into the mould, one in the center of the volume and one at the side and slightly
lower below the bar negative (Figure 3.8). The temperatures were recorded by an
Omegette HI-1306 datalogging thermometer. The thermometer and thermocouples were
obtained from Omega in Stamford, CT.
By preheating the moulds to a series of progressively higher temperatures, I was
able to determine whether and how the preheating temperature affected the casting: both
the moulds and the ingots. I preheated one mould to 200°C, a second to 400°C, a third to
600°C, and a fourth to 9000 C. Each mould was at its preheat temperature when I
performed the castings. Temperature profiles indicate that the cooling rate of the mould
after the casting event was independent of the mould's preheat temperature--the
temperature of the mould at casting. Furthermore, the post-casting cooling rate measured
at the two thermocouple locations in each mould was constant, demonstrating that the
bulk lost heat uniformly (Figure 3.9).
Despite similar heat loss behaviors, the moulds' durability during casting was
significantly affected by the different preheat temperatures (Figure 3.10). The mould
preheated to 200°C showed little alteration after the casting event. The overall mould
color remained the same and no surface cracking was observed. There is some
discoloration that resembles charring along the bed of the negative. The 400°C preheated
mould took on an overall brownish tint during preheating. After casting, there was some
additional discoloration along the negative bed and the edge of the negative where the
metal had overflowed. No surface cracking was observed after either the preheating or
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the casting, but a small amount of defoliation occurred at the negative wall following
removal of the ingot. The serpentinite moulds preheated to 600°C and 900°C dehydrated
and turned grayish brown in the furnace. The surfaces also became extensively cracked.
Casting produced additional surface cracking and defoliation at the negative beds.
The ingots which resulted from the castings do not seem to reflect the differences
in the mould temperatures at casting. There is no difference in surface appearance
between them, though their microstructures are unknown (Figure 3. 1). The ingot
poured into the 600°C mould was mispoured and appears in two pieces.
The severity of cracking across the face of the moulds preheated to 600°C and
900°C suggests that they would not withstand many casting events. In fact, the negative
walls in both cases had begun to lose material after a single pour. If we assume that
Anatolian metal smiths would have expected to use the moulds more than once, the
durability of the material would be an important factor. In addition to affecting
durability, a preheat temperature of 900°C would have been difficult to achieve and
maintain in ancient times, unless the moulds were placed within the furnace and heated
there with the metal, as suggested by Davey (1983; Figure 3.12). Davey's set-up
suggests that the moulds were covered so that debris from the furnace could not enter the
mould negative or the molten alloy during casting; thus far no evidence of mould covers
has been reported from Anatolia. I also assume that Davey's proposed furnace set-up
reproduced in figure 3.12 would be untenable for multifaceted moulds, with negatives on
many faces. In contrast to his arrangement, moulds could have been heated above a fire
or on a bed of coals. If heated in the open, temperatures of 200°C, 400°C, and 600°C
would have been much more easily attainable, and the various faces of the mould could
be accessed more easily in quick succession.
Based on the assumptions and observations concerning the experimental moulds
and the ingots, I determined the preheating condition of the moulds for the next series of
casting experiments. Since the preheat temperature had no obvious effect on the quality
of the castings but drastically changed the durability of the moulds, the next set of moulds
would be preheated only enough to drive off water from the pores and to assure safe
castings. The moulds would then be allowed to cool to room temperature in a dry
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environment,. and all further casting would take place at room temperature, to ensure ease
of handling.
Experimental castings into multifaceted serpentinite moulds
I undertook this second set of casting experiments at the MIT forge with the help
of Toby Bashaw. The purpose of these experiments was to elucidate the physical and
chemical changes in the serpentinite moulds after use in tin bronze casting. Three bi-
faceted replica moulds with negatives on opposite faces were heated to 210°C in a box
furnace for 3 hours. The moulds were allowed to cool overnight in the dry environment
of the unopened furnace. They were removed from the furnace just before casting and
placed on top of a platform of partially compressed casting sand. At the same time, a
240g button ingot of 10 weight % tin bronze was melted in a clay-graphite crucible in a
bituminous coal fire. The metal was poured into the ingot negatives immediately upon
becoming molten and allowed to freeze. The temperature response of the mould was
measured by a single thermocouple inserted into a hole drilled into the volume between
the negatives located on opposite faces (Figure 3.13). After several minutes, the solid
ingots were removed from the mould and the mould temperature was monitored for
several additional minutes.
Each of the three moulds was subject to a different numbers of casting events.
The first mould was used only once and only on the bar ingot side, resulting in four tin
bronze ingots. A second mould, which had negatives on two opposing faces, was used
once on each face, producing four ingots and one spearhead. A third mould was used
alternately on either face until the mould had so degraded that I considered it had failed.
The moulds were not re-heated between castings, though they remained hot to the touch
from the heat absorbed from the molten metal.
Once the castings were completed, the replica moulds were sectioned on a low
speed geological saw to reveal transverse cross-sections through the negatives. These
samples were mounted and polished in the same manner as the tile standards. The mould
cross-sections were examined by SEM and electron microprobe, also in the same manner
as the tile standards, and crack density and mineralogy were determined. The crack
density and mineral content of each mould was analyzed in multiple areas across the
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section so that response could be spatially correlated to proximity to molten metal. The
effect of multiple castings on the quality of the stone was also determined.
Three additional replica moulds were tested for durability through repeated
castings. These moulds were prepared for casting in exactly the same manner as the
previous three replica moulds, and the castings were carried out at the MIT forge, as
before. The temperature of the moulds during the casting trials was monitored by a
single type K thermocouple. Following casting, the moulds were not analyzed further.
Results
Crack density
Table 3.1 provides crack density data for each area examined on each of the three
experimental mould cross-sections. Figures 3.14, 3.15, and 3.16 provide maps of the
areas analyzed. Cracks were quantified in a manner analogous to the method used in
phase 1 of this protocol (see chapter 2). Five random 1000X images from several pre-
designated areas were captured. A ten line grid was then randomly laid down on the
image four separate times and the number of crack-grid intersections was recorded. As
with the standards, I differentiated between intragranular and grain boundary cracks.
The first experimental mould (mould 1) underwent a single casting on the ingot
face to produce four ingots. The ingots were heavily oxidized but showed no surface
porosity or obvious defects. The mould itself displayed very little to no surface damage,
though discoloration within the negative bed was noted. Once sectioned and mounted,
five areas on the cross-section of mould 1 were examined by SEM and electron
microprobe. A map of the zones examined is shown in Figure 3.14. Area of mould 1
lies just to the side of one ingot negative, towards the outer edge of the mould. The crack
density at this location was calculated to be 8.6 mm -', which is equal to the crack density
measured in the 250C, 4000C, and 600°C standards from phase I. The crack density in
area 4, in the interior of the bulk, is slightly lower than but close to the value determined
for area 1. Areas 3 and 5 exhibit slightly elevated crack densities, and the value of S is
the same in both locations. Area 3 lies between two ingot negatives and as a result would
have received heat from both. The increased cracking in area 3 may be a result of this
increased exposure to heat. Area 5 is farthest from the heat pulse though closest to the
heat-withdrawing sand platform. It is possible that the slight increase in cracking at this
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location could be a stress relief response, as a localized thermal gradient caused the
minerals to expand to a different extent within a small distance.
Area 2 in the cross-section of mould 1 lies just below an ingot negative and would
have received the highest amount of heat energy during casting. The crack density value
in area 2, given in table 3.1, reflects the initial thermal shock of casting. This value of S,
22.46 mm - ', is also much higher than the crack density of any of the serpentinite
standards, which had a maximum value of 8.78 mm- ' in the standard heated to 400°C.
The quantitative difference reflects the difference in response of the serpentinite to a
short but intense thermal shock, as during casting, versus a slowly ramped and long
duration heat soak, as employed with the standard tiles.
In general, when heat is applied to a material, the material expands. Every
material has a characteristic mode and measurable value of thermal expansion that may
be different from every other material. In rock, some mineral components expand to a
greater extent than others. Many materials also expand anisotropically, or to a different
extent in different crystalline directions. As the components of rock expand during
heating, they begin to exert force on their neighbor grains. If heat is applied quickly, the
grains expand quickly, with the result that they apply a large force on neighboring grains
as they do so. If the grains are heated slowly, they expand more slowly, and the bulk has
time to adjust to the increased volume. Therefore less force is applied on neighboring
grains when the heat absorption is slower. The result is less cracking both within and
between grains when the material is heated slowly.
Not surprisingly, mould 2 responded to the thermal shock of casting similarly to
mould 1. Mould 2 was used first on the ingot face, then turned over and used to cast one
spearhead. The mould was at room temperature when the ingots were cast but was at
elevated temperature when the spearhead was cast shortly after the ingot casting. During
casting, the negatives were discolored by the heat, and some cracking and material loss
occurred on the surface. The cross-section was divided into 7 areas for analysis (Figure
3.15). Areas 2, 4, 6, and 7 yield crack densities that range from 15.7 mm- ' to 18.7 mm - '.
This range is narrow enough that an average value of Sv can be considered at these
locations. The quantity of cracks per unit length is greater than the crack density
measured for any of the serpentinite standards, and it is also greater than the crack
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densities at all locations on mould 1 except area 2. The extent of cracking in areas 2, 4,
6., and 7 of mould 2 reflects the transmission of heat through the mould. Area 2 lies
between two negatives, and area 4 lies in the bulk, where it received heat from both faces
during casting. Areas 6 and 7 received a heat pulse when the spearhead was cast, but the
mould was already at an elevated temperature from the first ingot casting. The total
amount of heat absorbed at each of these areas is greater than the amount of heat
experienced at similar locations by mould 1. This increased heat resulted in higher crack
densities. Areas 1 and 3 lie beneath ingot negatives and are very densely cracked due to
the intensity of the heat pulse upon initial contact with the molten metal.
Area :5 yields anomalous results. Though directly beneath the spearhead negative,
the measured crack density at this location is the lowest of any area on mould 2. This
value is more similar to areas 3 and 5 in mould 1, areas with the presumed smallest influx
of heat. The surprising result may be explained if we consider that EDX results indicated
that area 5 of mould 2 contains a large amount of brucite, Mg(OH)2. No other area on
any of the other moulds displays as high a concentration of brucite as area 5 on mould 2.
Since different minerals respond differently to thermal stress, the crack density in this
area may reflect its atypical mineralogy. Comparative crack determination on brucite
samples as well as additional experimentation with serpentinite moulds may elucidate
this matter.
Mould 3 follows the same pattern of internal cracking as moulds 1 and 2 (Figure
3.16). Mould 3 was also discolored at the surface following contact with molten metal,
but it experienced much greater surface cracking than moulds 1 and 2 because it was used
until I considered that it had failed, based on the extent of this surface cracking. The
surface cracking began in the corner of the mould after the third casting event and
extended across both faces with each additional casting until the cracks entered the
negatives (Figure 3.17). When the surface cracks connected to the negatives, after seven
casting trials, I considered that the mould had failed, and I terminated the casting tests.
Area 1, the least cracked area, is closest to the outer edge of the mould and would have
received heat only from the adjacent negative. It is also close to the large crack that
developed at the corner, which may have affected the flow of heat through this area.
Area 3 lies between ingot negatives and would have experienced the heat pulse from both
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bordering negatives. Areas 4 and 5 received heat from both faces over the course of the
seven castings. Areas 3, 4, and 5 yield equivalent crack densities. Area 2, which lies
directly under one ingot negative, is extremely highly cracked.
The crack densities from areas 3, 4, and 5 on mould 3 are within numerical range
of the crack densities of areas 2, 4, 6 and 7 of mould 2. This may imply that they
received similar amounts of heat through the course of the trials. Indeed, they are in
nearly equivalent positions within the bulk. Area 3 on mould 3 corresponds spatially to
areas 2, 6, and 7 on mould 2. Areas 5 and 4 on mould 3 correspond spatially to area 4 on
mould 2. The difference between the moulds is the number of times they came into
contact with molten metal. The implication of the crack density data, then, is that
microcracking in the bulk material has a low dependence on the number of castings
undertaken. 'The result could be verified with additional experiments.
Following a similar logic, we see that area 2 on mould 3 yields a crack density
similar to that determined for area 1 on mould 2. Again, as the locations of these areas
are roughly equivalent, with respect to the mould negatives, the result is not surprising.
The strength of this correlation can be determined through further experimentation.
Mineralogy
Following crack counting, mineralogical analysis was performed on each area of
the mould cross-sections designated in the maps shown in figures 3.14, 3.15, and 3.16.
Recall that the major minerals found in the serpentinite standard tiles were serpentine,
chromite, magnetite, and brucite. Some small particles of nickel sulfide were also
detected. Areas 1 and 2 on mould 1 are primarily hydrous serpentine; the characteristic
needle-like crystals can be seen intruding into the magnetite inclusions, which do not
contain magnesium (Figure 3.18). There are some nickel sulfide inclusions but no
chromite was detected. Area 3 includes a substantial quantity of brucite. Area 4 has no
brucite, but chromite is found. Area 5 lacks chromite and nickel sulfide. The spatial
placement of minerals such as brucite and chromite is unrelated to any heat treatment of
the stone; it is a function of the random mineralization of the rock. When subject to the
heat of casting, each of the mineral components in the serpentinite may mould respond
differently. In the case of mould 1, the major mineral, serpentine, remains hydrated, and
the magnetite is not broken down and lacks a magnesium signature. Both of these
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conditions imply that the mould did not receive sufficient heat from casting to cause the
minerals to dewater or to melt and diffuse.
Mould 2 is fairly inhomogeneous throughout the areas examined. Brucite,
magnetite, chromite, and nickel sulfide are found in all areas but in differing amounts.
Area 5, for instance, contains a high concentration of brucite. As in mould 1, there is no
evidence of dehydration in the serpentine, though there is a great amount of
compositional variation within the serpentinite grains, possibly due to diffusion. Some
areas within the serpentine are magnesium rich, while others are iron rich. The magnetite
does not show a significant magnesium content, indicative of diffusion from serpentine,
but we cannot rule out the possibility that some magnetite has dissolved into the bulk in a
manner similar to the 1150°C standard tile (see chapter 2).
One interesting feature of mould 2 is that it contains a significant amount of
dolomite--calcium magnesium carbonate--in several areas. It is common for dolomite to
become included in serpentinite, and its presence is not related to heat alteration
(Nilanjan Chatterjee pers. comm.: MIT, EAPS, 2005). However, the fact that dolomite
decomposes to release carbon dioxide at temperatures near 800°C may be significant.
Carbon dioxide reduces the reactivity of water and tends to increase transition
temperatures. If a sufficient amount of carbon dioxide from decomposing dolomite is
present in the serpentinite mould, the talc-forsterite transition temperature may increase
to the point that the transition cannot occur under casting conditions (Nilanjan Chatterjee
pers. comm.: MIT, EAPS, 2005). This is one possible explanation for the absence of
forsterite in mould 2. However, forsterite was not detected in any of the phase I or phase
II samples analyzed, irregardless of the presence or absence of dolomite. This suggests
that the absence of forsterite in mould 2 is not due to an increase in transition temperature
stimulated by decomposing dolomite.
Mould 3 does not contain any unexpected minerals, though there is some
evidence of diagnostic reactions. The serpentine in areas 1 and 2 is more
compositionally homogeneous than in the previous samples, though the inhomogeneity is
again seen in areas 3, 4, and 5. Much of the magnetite appears to be broken up (Figure
3.19); some part of the compositional heterogeneity of the serpentine may be related to
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the migration of magnetite through melting serpentine. There is some brucite and some
dolomite within the bulk, but much less than in the other two mould samples.
The mineralogical investigation of the three mould sections indicates that
serpentine dehydrates when exposed to the elevated temperatures of multiple casting
events, but that a single thermal shock is insufficient to affect mineral changes. As heat
builds up in the mould during a series of castings, melting begins to occur and magnetite
disintegrates and diffuses through the bulk. Therefore, the presence of diffuse
constituents and dehydrated and melted material is diagnostic of multiple casting events,
carried out in quick succession.
Durability
Three serpentinite replica moulds underwent durability trials to determine the
average number of times the mould could be used for casting before failure. The replica
moulds were identical in form and material to those used in the casting trials (see figure
3.3). Alternating faces of the mould were employed for casting until the surface cracked
to the extent that the mould was considered to be failed. The temperature of the mould
was continuously monitored during the experiment by a single thermocouple inserted into
a hole drilled into the volume between the negatives located on opposite faces (see figure
3.13). The first mould, mould 4, survived four casting trials, producing eight ingots and
two spearheads. The temperature of the mould rose from room temperature, prior to
casting, to a peak temperature of 212°C, during the fourth trial, at which point an
extensive crack developed across both faces of the mould. The casting events were
spaced about 10-15 minutes apart--the time it took for the molten metal to freeze in the
negative, the mould temperature to peak and begin to descend, and a new quantity of
metal to be melted for the subsequent casting.
The temperature increase of mould 5, which failed after three castings producing
eight ingots and one spearhead, followed a similar path as mould 4. Mould 6 showed
severe cracking and defoliation on the ingot face after the third casting, but withstood two
sequential spearhead castings before failure was complete on that face. The failure
cracks of moulds 3, 4, 5, and 6 propagated along a continuous path from an ingot
negative, down the edge of the mould, and into the spearhead negative. Excluding these
cracks and some burning in the negatives, the spearhead faces sustained no visible
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damage from casting. There was some defoliation along the walls of the ingot negatives
in moulds 5 and 6.
Figure 3.20 plots temperature versus time for the casting trials in moulds 4 and 6.
The first peak (#1) for each mould charts the temperature changes associated with the
pouring, freezing, and removal of the first ingots. The mould 4 peak at 500 seconds (#2a)
and mould 6 peak at 900 seconds (#2b) are for the spearhead. The 900 second peak for
mould 4 is artificial, representing the temperature changes at the thermocouple junction
as the thermocouple was removed from the mould then reinserted several minutes later.
The 1800 second peaks (#3) for both moulds again correspond to an ingot pour and the
final peaks (#4 and #5) record spearhead castings. The rate of temperature increase and
decrease is virtually identical between the moulds, as are the maximum temperatures at
each pour. I both moulds, the extensive surface cracking occurred when the mould
temperature surpassed 200°C. That is, mould 4 failed at 2500 seconds during the fourth
trial, a spear casting. Mould 6 failed on the ingot face at 1800 seconds, but did not fully
crack across the spearhead face for two more pours.
Throughout the trials, the mould temperatures never exceeded 212°C, though the
metal temperature at the time of casting was above 1000°C. This could be explained in
several ways. The volume of the metal is much smaller than the volume of the mould,
and the heat of the molten tin bronze could quickly dissipate through the bulk
serpentinite. The rock has a much lower value of thermal conductivity than the metal, so
that heat is absorbed readily within short distances of its source. Furthermore, measuring
the absolute temperature of the mould is difficult with the experimental set-up described
here. Factors such as mould-thermocouple contact and heat extraction by air may affect
the temperature measurement. Additional trials could determine the overall magnitude of
error in mould temperature measurements obtained in these trials. Nevertheless, there is
a clear temperature threshold above which the serpentinite fails from the casting. The
negative walls begin to defoliate, and cracking extends across the faces. With the volume
and temperature of metal used in these experiments, the serpentinite moulds exhibited
failure after just three or four pours.
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Metallography of tin bronze ingots and spearhead cast in mould 3
Following the examination of the moulds, I completed metallographic analysis of
several of the objects cast from the multifaceted serpentinite replica mould 3, which
failed after undergoing seven casting events. Two of the objects examined were ingots:
one ingot from the first casting and one ingot from the last casting. The position of the
ingots in the mould is highlighted in figure 3.21. In the first casting, the molten metal
was poured into negatives at room temperature, and the ingots solidified as the bulk
mould drew heat away. In the final casting, the mould was at an elevated temperature
due to heat absorbed from the six previous castings. The ingot from this trial should
reflect that solidification environment. A spearhead from the opposite mould face was
also examined; it was produced in the second casting trial, after the mould had absorbed
the heat of the first casting. Though the spearhead and the ingot negatives are on
opposite faces of the mould, the heat from the first casting was sufficient to raise the
temperature of the entire mould so that the whole mould was hot in all subsequent
castings.
The two ingots and the spearhead were sectioned and mounted as indicated in
figure 3.22. The exposed transverse cross-sections were then polished to a mirror finish
with successively finer grit polishing media and photographed using both a WILD and a
Leica DMLM metallographic microscope fitted with a digital camera. Finally, the
sections were etched with a combination of potassium dichromate and aqueous ferric
chloride to reveal the coring and the grain structures. These structures were
photographed.
Cast objects have signatures in their microstructures that are characteristic of
castings. Principal among these, for many alloy systems such as the tin bronze utilized
here, is cored dendrites. As an alloy begins to solidify, concentration gradients can form,
leaving some areas more enriched in solute than others. The initial dendrite spines
solidify with a certain composition, and as they continue to grow the solid freezing from
the liquid is continually enriched in the solute. The dendrite within a grain is therefore
cored, or exhibits segregation. These cored zones, which are different in composition,
are visually distinct and can be resolved by chemical etchants. In some cases, the coring
is so extreme that it is visible on the metal surface in the polished state, as in the cast
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objects described here. Figure 3.23 shows an as-polished micrograph from the ingot
from the first casting; the dendrites appear clearly. Etching the surfaces exaggerates the
visual distinction between the enriched and depleted zones (Figure 3.24).
Three other features can be noted in the sections. First is the high density of pores
distributed throughout the metal, some resulting from gases that became trapped in the
liquid during melting and casting, others from shrinkage of the liquid as the metal
solidifies (Figure 3.25). The second feature is the oxide layer that formed on the surface
of the metal that was exposed to air during solidification (Figure 3.26). This oxide layer,
not surprisingly, is entirely absent from the surfaces that solidified in contact with the
mould. Finally, a eutectoid microconstituent, which becomes evident after etching, has
formed from the very high tin-content liquid which solidifies last in the casting (Figure
3.27). All three sections display the eutectoid, which appears as two-phase blue pools
between the dendrite arms.
In cast objects that have not undergone further heat treatment, such as these, the
cored structures comprise the grains. Each grain contains a single dendrite with a certain
orientation. Even when grain boundaries are not visible upon etching, they occur at the
interface of adjacent grains whose orientations differ (see figure 3.24). The grains in all
three cast objects are visually distinct and very large. The spearhead contains the fewest
grains but it also has the smallest surface area (Figure 3.28). The grains are randomly
oriented and fairly equiaxed. The lack of a preferred orientation of the grains in this
section (see figure 3.28) suggests that heat was withdrawn from the molten metal at an
approximately equal rate from all sides of the mould. Since the spearhead negative was
surrounded by a substantial amount of bulk stone and no other additional heat sources
nearby, the microstructure is not surprising.
The ingots were in a completely different environment, however, and their grain
structures reflect the difference in conditions of solidification. The first ingot has large
grains that tend to radiate inwards from the sides of the negative (Figure 3.29). Since the
mould was at room temperature at the time of casting, all surfaces of the negative would
have been equal candidates to absorb heat and promote dendrite growth.
After a series of castings, however, the temperature of the mould had risen; the
thin wall between each neighboring negative was hot. As metal was poured into each
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negative, the heat from the liquid was quickly withdrawn by the coolest area of the
mould, the surface with the greatest absorption capacity--the bulk volume of the mould
extending below the negative. Additionally, previous casting events perturbed the
surface of the mould bed, microscopically cracking and roughening it, and providing an
increased number of nucleation sites on which grains can form. Both the heat withdrawal
and the increase in nucleation sites at the negative bed resulted in the growth of smaller
grains that are oriented vertically along the bottom surface of the casting (Figure 3.30).
A few of grains do radiate inward from the lateral sides, but the difference in the
microstructures between the first and seventh casting is clear.
The orientation of the grains in the as-cast state should have little effect on the
mechanical properties of the tin bronze object, as any subsequent heat treatments, such as
annealing, would tend to homogenize the cored structure. From the standpoint of
microstructure, it appears that the quality of the casting is not affected by the number of
times the mould had been used. All the castings exhibit large, cored grains, the result of
relatively slow cooling in the mould. However, if the mould begins to fail on the large
scale, through extensive cracking and defoliation along the negatives, the quality of the
casting will be affected adversely. The form of the object will be altered to some extent,
and it may become difficult or impossible to remove the solidified metal from the mould,
rendering both mould and object unusable. Clearly the durability of the mould is an
important consideration in the casting process.
Discussion
The goal of the experimental castings was to relate the conditions of casting to the
damage signatures of the stone. With reference to a set of standards heated to known
temperatures under controlled conditions, I recorded the crack density and mineralogy of
the serpentinite moulds. The results indicate that pouring molten 10 weight % tin bronze
into room temperature serpentinite moulds causes extensive but localized damage to the
stone. The mineral content of the stone, a function of rock formation processes, plays a
role in microcracking patterns, but it is unclear how this affects the overall lifetime of the
mould. The duration of the heat pulse during casting is too short to induce major mineral
changes, though some minerals do begin to melt or break down after repeated castings.
While the quality of the metal object cast into the mould appears consistent over a range
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of casting conditions, the durability of the mould is highly dependent on the temperature
conditions that obtain throughout the experiment.
Initial casting experiments indicate that the serpentinite moulds cannot withstand
temperatures higher than about 200°C. The single ingot test moulds support these
findings; the surfaces of the moulds cracked in the process of preheating to 600°C and
900°C. The mould preheated to 400°C did not show any surface cracking, because the
temperature increase was slow and the material could respond accordingly, but
defoliation at the negative walls did occur during casting. Under conditions of rapid
increase in temperature caused by contact with molten metal, the replica moulds failed
immediately when they reached temperatures exceeding 200°C. One implication of this
observation is that it may be unlikely that the moulds were preheated in antiquity as
suggested by Davey (1983). The question that arises, then, is what happens when the
temperature of a mould is elevated, then allowed to return to ambient temperature before
being heated again? If the mould is never allowed to exceed 200°C, during preheating or
casting, how many castings can it withstand? Clearly micro-cracking will occur each
time the mould is heated, but when will the damage become so great that the mould will
fail in a manner analogous to the total failure seen in moulds 3, 4, 5, and 6? The standard
tiles serve as some baseline for assessing the extent of microcracking at several
temperatures, but additional work must be completed. Further thermal cycling
experiments, either within a furnace or in casting trials, would provide an answer to these
questions.
The protocol that I have designed in this work is offered as an aid to
archaeologists as they study the casting practices of ancient metal smiths. As formulated,
in what way can this analytical protocol be useful? It is clear that the data at present are
insufficient to give an accurate correlation between the mould crack density and the
temperature conditions that prevailed during various stages of the casting process. The
crack densities of the serpentinite standard tiles explored in chapter 2 are not diagnostic
of temperature, and the absolute value of Sv in the tiles is much lower than that measured
in any area of any of the casting moulds. As suggested above, the standard tiles provide a
baseline measurement of minimum crack density at each temperature. The speed and
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duration of heating clearly have some measurable augmenting effect on this baseline, as
my experiments have shown. Future work can resolve this difference.
Mineral changes do appear to be diagnostic of temperature. Experiments in
chapter 2 indicate that as the temperature increased, the standard tiles underwent a
dehydration reaction and some minerals began to disintegrate and their constituent
elements to diffuse. Though dehydration did not take place in the casting moulds
analyzed here, the diffusion of elements, particularly magnesium and iron, suggests some
localized melting occurred. Since melting points are discrete, evidence of a melted
mineral is tied to a temperature condition. Energy dispersive x-ray analysis combined
with light and scanning electron microscopy may provide the best information on
spatially resolved temperature conditions in the mould.
In terms of durability, some additional questions have been raised here. Though
serpentinite could not withstand a large number of my casting trials, it a suitable enough
mould material to have been used in Bronze Age Anatolia. One key reason is that it has
relatively low transition temperatures. When the minerals in serpentinite melt, they
absorb heat from the surroundings; dehydration is also an endothermic reaction (Brian
Evans pers. comm.: MIT, EAPS, 2005). If some portion of the heat from the molten
metal is diverted to activating these reactions, the cracking damage in the stone may be
lessened. Furthermore, the reaction products may act as a sort of thermal barrier, like a
rind along the negative surfaces, which lessens heat damage during sequential castings.
This may account for the similarities in crack densities measured in moulds 2 and 3.
Carefully conducted EDX analyses at the mould-metal interface may reveal whether
reaction products do form and if they play an important role in thermal stability.
Comparative analysis of the crack densities of more stable rocks would provide a counter
example of materials which do not undergo potentially beneficial transitions.
The importance of experimental castings in shaping an analytical protocol is clear.
While well-controlled standards provide a baseline measurement and a reference for
further analysis, experiments performed under conditions thought to approximate those
that were used must be carried out. The behaviors of the stone under casting conditions
have been shown to be sufficiently different from those of the standard tiles that it would
have been meaningless to analyze an archaeological mould prior to these experiments.
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In the following chapter, I document and analyze four moulds excavated at two
Bronze Age sites in Anatolia in order to test this protocol against archaeological samples.
I have recorded the changes that occur in moulds under known experimental conditions
and will next observe archaeological moulds that were used under conditions unknown to
us. I will compare the thermally-induced micro- and macro damage of the experimental
and ancient moulds. I will also examine the mineralogy of the ancient moulds for
signatures such as melted or disintegrated constituents, which have indicated thermal
exposure in my experimental moulds. These comparisons will be done in the hopes of
clarifying sorne aspects of the ancient bronze casting process.
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Chapter 4: Protocol Phase III
Examination of Four Excavated Moulds from Bronze Age Anatolia
The intended final phase of the protocol under development here is the
examination of moulds that have been subject to casting conditions that are unknown, in
particular ancient casting conditions. Armed with a detailed procedure for analyzing the
crack density and mineralogy of stone, and having a set of standards for serpentinite
which relates crack and mineral data to mould temperature, one can begin to examine
moulds made from serpentinite and used in casting environments outside of experimental
control. Chapter 2 discussed how, with additional standards, moulds made from other
stone materials can be analyzed in the same way. This is the utility of the protocol. But
in cases where stone is not the mould material or when sampling restrictions preclude the
preparation of mounted thick sections, the protocol must be modified. Below is a
discussion of such a case.
Description of four Bronze Age moulds
The Oriental Institute (OI) Museum at the University of Chicago houses an
enormous collection of objects from the Near East and Anatolia. Archaeologists
affiliated with the OI in the 1930s excavated many of these objects, and many date from
the Bronze Age. As part of this collection, the OI curates a small number of moulds from
Anatolia; of the nine moulds in their catalog, four are attributed to the Bronze Age and
five are undated. All five of the undated moulds are for the manufacture of trinkets,
figurines, or amulets and are evidently closed or two-piece moulds. Though they all
come from the Amuq region of southern Anatolia, they are similar in typology to lead
casting moulds from Hittite contexts (Canby 1965; Miller-Karpe 1994). In contrast to
the undated moulds, the four dated Bronze Age moulds in the OI catalog exhibit
negatives for the casting of tools and ingots, and are open or single-piece moulds. Three
of these moulds are multi-faceted, meaning that they display negatives on multiple faces,
and one provides three negatives on a single face for the casting of bars. The OI
registration numbers for these moulds are A6648, A10412, A9857, and A27839.
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Two moulds from the OI examined during this study were excavated in the later
Early Bronze Age levels at Aligar Hiiyik by Schmidt and von der Osten in the early
1930s (von der Osten and Schmidt 1932; von der Osten 1937a, 1937b). Each mould was
fashioned with multiple ingot, tool or weapon negatives. Metal objects excavated at
Alisar H/iyuik include forms similar to the mould negatives (von der Osten 1937a,
1937b). Chemical analyses of Alisar metal objects indicate that copper-arsenic was the
dominant alloy used for tools and weapons, with tin bronze gaining popularity in the late
Bronze Age (Stech 1999; de Jesus 1980).
Mould A6648
The first of the Alisar moulds, A6648, measures 70 x 50 x 41 mm and weighs
197g (Figure 4.1). Close examination under the binocular microscope suggests that this
mould was not carved from solid stone, as suggested by the OI catalog, but was
fabricated from wet micacious volcanic clastic material which was then dried and
possibly fired (Timothy Grove, David Mohrig pers. comm.: MIT, EAPS, 2004).
Chlorite, feldspars, and pyroxene inclusions are evident through surface examination, as
is vitreous material and fractured quartz (Timothy Grove pers. comm.: MIT, EAPS,
2004)
The surface of mould A6648 appears to have been smoothed in certain areas,
possibly before hardening, and there are several fibrous imprints on the surface. The
mould was fractured in antiquity across two faces, exposing natural cross-sections
through each of the four negatives (Figure 4.2). There is one negative on each face of the
mould. Three of the negatives are blackened and reveal thin black rinds in the cross-
sections of the fracture faces. The fourth negative does not exhibit any evidence of heat
alteration (Figure 4.3). The fractured faces also display very small blue accretions and a
red rusty inclusion, possibly iron oxide. The blackening and accretions may be an
indication of use in antiquity. As can be seen in Figures 4.3 and 4.4, two of the
negatives represent tool forms, one chisel-like and possibly lugged, the other thick and
rounded. Muiller-Karpe (1994) offers examples of moulds with similar negatives from
Early Bronze Age sites in Anatolia (Figure 4.5, for example). The remaining two
negatives on mould A6648 are circular in plan, one with what may be described as a tang
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(Figures 4.6 and 4.7). The exact shape and size of each negative is unknown because the
mould is not complete.
Mould A10412
The second early Bronze Age mould from Aligar Hiiyik, labeled A10412, is also
fabricated from volcanic clastic ceramic material (Figure 4.8). There is evidence of
careful fabrication; the majority of the matrix is fine-grained with a lesser amount of
more course-grained material, including micas that display cleavage flakes as if broken
before adding (Timothy Grove, David Mohrig pers. comm.: MIT, EAPS, 2004). This
may be a sort of tempering to improve the thermal properties of the material, in an effort
to make it more suitable or durable as a metal casting mould. The mould is entirely
covered with a weathering rind of cristobalite, a polymorph of quartz, and sanadine, an
alkali feldspar, except for a chip in the upper right corner of the underside of the mould
(Figure 4.9). This light orangy-brown rind develops as volcanic materials weather over
time (David Mohrig pers. comm.: MIT, EAPS, 2005). The underlying gray material
exposed by the chip on the underside of the mould probably represents the original mould
material and reveals an abundance of rounded quartz grains and mica. Some of the pores
in this exposed area are rounded, while others are elongated. The mould is fractured on
two sides, and these fracture surfaces are also covered in the light orangy-brown rind,
indicating that the fractures are not fresh (Figure 4.10).
The mould, A10412, measures 61 x 80 x 23 mm and weighs 177.7g. It displays
two bar negatives that have been fractured transversely to reveal a cross-section and one
additional bar negative that has been fractured both transversely and along its
longitudinal axis (see Figure 4.10). The placement of these fractures precludes us from
determining the full dimensions of the original mould or even how many negatives were
on the original. However, a mould very similar in form was excavated from the upper
Bronze Age or lower Hittite occupation levels at Ali~ar (Figure 4.1 1; von der Osten and
Schmidt 193'2; Miller-Karpe 1994). The surface of A10412 shows some darkening in
one negative and a lesser amount in the others. The surface near the negatives is cracked,
and two other major cracks radiate up the sides from the gray exposed area on the
underside.
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Mould A9857
Mould A9857 is attributed to the Middle to Late Bronze Age levels of AliSar
Hiiyuik, which correspond roughly with the beginning of the Hittite Empire (2000 B.C.-
1800 B.C). The mould has never been published, and excavation details are unknown.
What is known is that excavations in Hittite occupational levels at AliSar Hiiyiik have
yielded several ingot and tool moulds as well as an abundance of metal arrow and spear
heads, blades, axes, and chisels, in addition to pins, reamers, awls (von der Osten 1937a).
Like A6648 and A10412, A9857 is fragmentary. Measuring 81 x 62 x 42 mm and
weighing 320.8g, the mould is carved from an extremely friable sedimentary rock with an
ankaritic structure and sand-sized particles (Timothy Grove pers. comm.: MIT, EAPS,
2005). Ankarite is a calcium iron carbonate with limestone-like morphology.
Three of the faces of A9857 are fracture surfaces and three present negatives
(Figure 4.12). One of the negatives has the form of a sharply pointed, blade-like tool
(Figure 4.13). Another is bar shaped and appears similar in form to the bar negatives
from A10412, (Figure 4.14). The remaining two negatives are badly worn, and their
forms cannot be determined confidently (see Figure 4.14 and Figure 4.15). They are
shallow and rounded. A possible fifth negative forms a channel along the side of one of
the rounded indentations, but its original form cannot be determined due to the manner in
which the mould is broken (see Figure 4.15).
The surface of mould A9857 has been darkened either through weathering, during
burial, or as a consequence of metal casting. In the exposed cross-sections, the darkening
is perceived as a shallow rind under the surface of each negative. The sharp negative has
cracks running parallel to its longitudinal axis but does not display any cracks in or across
the bed of the negative (see figure 4.13). There is also a significant crack under the
darkened rind beneath one of the rounded negatives, making the negative appear as if it
will defoliate (Figure 4.16).
Mould A27839
The final mould under study here was excavated at Tell Tayinat in southern
Anatolia by Braidwood and Braidwood and published in 1960 (Figure 4.17). The mould
dates to Phase J, roughly 2000 B.C. Ten metal objects including a dagger blade and a
shaft-hole axe were also found in this occupation level (Braidwood and Braidwood 1960;
70
Figure 4.18). Qualitative chemical analysis of these ten objects informs us that their
major metal constituents are copper and nickel, and in one case, tin. Minor amounts of
arsenic, lead, antimony, and iron are also detected in the metal artifacts, as are weak
traces of other unspecified metals (Braidwood and Braidwood 1960).
The Tayinat mould, A27839, is significantly larger and heavier than the three
Alisar moulds, weighing 1.2 kg and measuring 152 x 82 x 73 mm. Mould A27839
displays negatives on four of its faces, and one face is blank. Braidwood and Braidwood
(1960) describe the mould as having two long and narrow negatives for tools of the
"poker-spear type," a single long narrow negative that may have had a ferrule and thus
been a single-tined pick, and two broad negatives, one a plain celt-like blade and one
which may have had a ferrule (Figures 4.19, 4.20, 4.21, and 4.22). The placement of two
of the negatives close to the edge of the face suggests the presence of the supposed
ferrule (see Figures 4.20 and 4.22). One end of the mould has sheared off, so the full
length of the intact mould can only be estimated, and the original shape of the negatives
has been destroyed. In addition, there is defoliation along the edge of the negative on
some faces.
The surfaces show significant blackening and extensive cracking in and around all
negatives, a good indication of heat alteration. The blackening lessens away from the
negative, and the intact terminal end has not been blackened. This suggests that some
heat alteration occurred locally, such as during casting, rather than of all over, such as
during firing. The mould is made of a clay-like material and displays indications of wet
forming, such as two shallow thumbprint-sized indentations on the intact terminal end. It
is unclear whether the mould was fired after drying, though the entire mould has a glassy
appearance, and vesicles are evident in the fracture surface (Timothy Grove pers. comm.:
MIT, EAPS, 2004). On some faces there are accretions that appear to be of a different
material than that of the mould (Figure 4.23).
Analysis of four Bronze Age moulds
Sampling restrictions
The four moulds described above were lent to MIT by the Oriental Institute
Museum for the purposes of analysis. While I was allowed to perform non-destructive
surface analyses on the moulds, I was not permitted to section, sample, or in any way
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permanently alter the moulds. This restriction is common for archaeological objects that
are unique and irreplaceable. However, by limiting the type of analysis that can be
performed, the sampling restriction also limits the type of data that can be collected. It is
known that thoughtful and responsible sampling can be carried out such that a minimum
amount of damage is done to the object in return for a maximum amount of analytical
data. If allowed, sampling can result in a much-expanded understanding of the object.
The decision to allow sampling must be made by those responsible for the curation of the
object.
The sampling prohibition precluded any sort of analysis that required thin or thick
sections, polished or cleaned surfaces, or removal of material from the object. Since the
protocol in development here relies on high resolution scanning electron micrographs and
various x-ray analyses of polished surfaces, it was necessary to make modifications to the
protocol in order to study the Bronze Age moulds obtained from the OI. Scanning
electron microscopy (SEM) is a technique that is not inherently destructive. The SEM
images are created by mapping the electrons emitted from a surface that has been excited
by impinging electrons from a special SEM tip. The surface must be conductive, so it is
typically coated with a thin layer of carbon. This carbon can be difficult to remove from
the surface and may be considered an irreversible treatment in some cases. Aside from
carbon coating, it is the architecture of many SEMs that requires alteration of the sample
being analyzed, as the vacuum chamber that receives the sample often restricts sample
size. Fortunately, these problems have been addressed in the form of Environmental
SEMs, which do not require conductive samples and which have larger chambers that
will accommodate larger objects. Some resolution is lost in the ESEM images, but
sampling and surface coating are no longer necessary and whole, unaltered objects may
be studied.
Similarly, many x-ray analyses such as x-ray fluorescence (XRF) and x-ray
diffraction (XRD) are performed on prepared samples, such as powders, though the
analyses themselves leave the material unchanged. X-rays are directed at the sample,
interact with the atoms in the sample, and exit without permanent consequences. Again,
developments in XRF and XRD tool configurations now allow whole, unaltered objects
to be examined. The analytical cost of using unprepared samples is a loss of resolution
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and noisier signals; size and geometry restrictions may also still apply. However, good
results can still be obtained.
XRD analysis
The catalog card for each of the OI moulds states the material make-up the mould.
However, the materials are sometimes incorrectly identified and it is imperative to know
the true composition of the mould before this analytical protocol can be applied. Dr.
Timothy Grove, professor of igneous petrology, and Dr. David Mohrig, professor of
geology and geochemistry, at the MIT EAPS, visually examined each mould and offered
assessments of the material; I employed XRD for analytical confirmation of these visual
evaluations. XRD measures atom plane spacing in crystalline materials, which is specific
to and indicative of the elemental make-up of the crystal. XRD is used to identify bulk
crystalline materials and identifies the crystalline compounds present, not the
concentration of individual elements within the compounds. I performed my analyses on
the Phillips PW 1835 open-architecture x-ray diffractometer equipped with an 1830
generator housed at the Metropolitan Museum of Art in New York City (Figure 4.24).
The diffractometer, driven by the Seitronics software package, was set to 35kV and
20mA and programmed to swing through an arc of 5-65 ° at a 20 step size of 0.04 ° per
second. The resulting spectrum was evaluated with MDI Jade analytical and database
software.
XRF analysis
XRF was undertaken in the hope of finding traces of metallic elements on the
mould surfaces, especially in the negatives. If the moulds were used in antiquity as
casting implements, it is possible that traces of metal may remain on the surface,
particularly in the vicinity of the negatives. In this way, we may be able to determine if
the moulds were used and even what metal was cast into them. XRF also allowed us to
analyze the mould matrix for lighter elements such as silicon, magnesium and calcium
that relates to the bulk make-up and approximates the information given by XRD.
Each mould was examined by the Jordan Valley EX-3600 XRF spectrometer, also
at the Metropolitan Museum of Art in New York City (Figure 4.25). XRF is a surface
analysis technique that uses x-rays to excite the electrons of atoms on the surface of an
object. When the electrons relax, the atom fluoresces, meaning that a different x-ray is
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emitted at a wavelength that is equal to the distance between electron shells. This
distance is specific to each element. The detector collects the emitted x-rays and the
analyzer generates a spectrum which identifies the atoms present. XRF allows for the
analysis of discrete spots across a surface and, therefore, a determination of
compositional variation across a surface. The XRF can be configured to maximize the
signal of specific elements or groups of elements. For lighter elements, a voltage of
20kV was used and a dead time of at least 35% was maintained to maximize the counts in
the signal. Heavier metal elements such as copper, tin, arsenic, and lead are best excited
by a voltage of 40kV; a dead time of 35% was still maintained. Iron filters were
employed to enhance the copper and arsenic signals, while the tin signal may be resolved
when a ruthenium filter is used.
XRF analyses can be quantitative, or semi-quantitative, if properly standardized.
Depending on the voltage of the impinging x-rays, some elements fluoresce more readily
than others. If elemental standards are used to define the fluorescence strength of the
elements of interest, the presence of each element can be quantified, or at least assigned a
relative abundance. In the absence of standardization, as with the analyses presented
here, the results are qualitative. Within a spectrum, the relative peak heights, of lead and
zinc for instance, are not indicative of elemental abundance. However, the relative peak
heights of the same element on several spectra taken when analytical conditions, such as
voltage, are held constant, do inform us of the relative abundance of that element.
ESEM analysis
Electron microscopy is an imaging technique that produces high magnification
topographic or compositional maps of surfaces. The images reveal surface features such
as grain size and morphology, defects, inclusions, surface roughness and compositional
uniformity. SEM analysis can be performed on prepared surfaces, such a polished thick
sections, or unprepared surfaces, such as the moulds studied here. SEM was performed
on the moulds under low vacuum in an XL30 ESEM-FEG set in secondary electron mode
and fitted with a 1000 Im aperture. The voltage was set to 15kV. The moulds were
placed in plastic, Aluminum foil-lined boxes, and the surfaces were partially covered
with foil to reduce charging effects and improve image resolution. The bottoms of the
boxes were adhered to the stage with carbon tape.
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Results and Discussion
XRD analysis of stone mould from Aligar Hiiyiik: A9857 (see figure 4.12)
X-ray diffraction is a technique for identifying crystalline compounds. The nature
of the technique requires that the material under examination be crystalline; amorphous
materials do not produce diffraction patterns and therefore cannot be analyzed. In
general, XRE) samples undergo extensive preparation to ensure that any non-crystalline
components are removed. In the case of ceramic materials such as clays, the sample
preparation involves extensive levigation, drying and powdering. Pottery contains a
mixture of components that are analyzable and unanalyzable by XRD, and such samples
will not yield data if these procedures are not performed. Even with proper sample
preparation, clay materials are often so similar to each other that information concerning
material provenience or method of manufacture may remain indeterminable (James H.
Frantz pers. comm.: Metropolitan Museum of Art, 2004).
The removal of material for separation and powdering was not allowed for the OI
moulds. Therefore the three clay moulds, A6648, A10412, and A27839 could not be
analyzed using this technique. A9857 was identified as "sandstone" in the OI catalog,
and being of crystalline configuration, it was a good candidate for analysis by XRD.
A9857 was analyzed as described above and the spectrum is presented in figure 4.26.
The Jade spectrum database ascertained that the mould was predominantly composed of
quartz and calcite. Based on this spectrum, previous visual examination, and the results
of XRF analyses, Professor Grove (pers. comm.: MIT, EAPS, 2005) suggested that the
mould was limestone-like with silicate inclusions and sand-sized particles, not sandstone
as was reported in the OI catalog.
XRF analysis of four Bronze Age moulds
Having explored the bulk make-up of A9857, the surface of this mould and the
three clay moulds were analyzed by XRF. Since the Jordan Valley XRF is a completely
open machine, the size of the object is unrestricted. However there is a limit to the depth
resolution, so surfaces farther than about cm from the x-ray window cannot be analyzed
with fidelity. This includes negatives and fracture surfaces deeper than cm.
Several spots on each of the four moulds were analyzed by XRF, and example
spectra are presented here (Figures 4.27-4.32). Copper and arsenic were found in almost
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every case. This is considered diagnostic of metal in contact with the mould. Nickel and
zinc also appear in many of the spectra. Zinc is sometimes found as a trace element in
copper-based alloys. Unfortunately, zinc signals can also result from x-ray interaction
with the brass components in the XRF itself, so some baseline amount of zinc can be
expected in the spectra (James H. Frantz pers. comm.: Metropolitan Museum of Art,
2004). When there is a difference in zinc peak height between spectra, one can
tentatively assign the increase in zinc signal to the presence of zinc on the surface of the
mould. Furthermore, though nickel has been found in trace amounts in Anatolian copper-
based alloys, the XRF Ni peak is not necessarily indicative of nickel in the cast metal.
Nickel, chromium, and manganese commonly accompany iron in rock, so the Ni, Cr, and
Mn signals may result from iron inclusions, not the alloy recipe (Richard Stone pers.
comm.: Metropolitan Museum of Art, 2004). Since all of the stone moulds contain iron-
bearing minerals and inclusions, it is impossible to pinpoint the origin of the nickel signal
in these spectra. Interestingly, in no case was tin found on any face of any mould, though
a filter was employed for the specific purpose of resolving any tin peaks. This strongly
suggests that tin was not an element in the alloys cast with these moulds.
Ceramic mouldfrom Tayinat: A27839 (see figure 4.17)
Like copper and arsenic, lead was commonly found, showing up strongly in a
number of areas. And like copper and arsenic, lead can be considered diagnostic of
mould use. Two slaggy accretions found on the faces of mould A27839 are lead-rich
areas. Here the analysis of the accretion shown in Figure 4.23a (analysis shown in
purple) is overlaid by a black line representing the signal from the accretion in Figure
4.23b (Figure 4.27). The spectra are nearly identical. The strong, sharp peaks to the left
represent the iron and calcium from the clay matrix. The weaker peaks to the immediate
right of the iron signal represent copper, zinc, and lead respectively. The relative heights
of the lead, copper, and zinc peaks in the spectrum are a loose indication of the relative
amounts of these metals in the analyzed spot. Notice that the lead signal is four times
stronger than the copper which suggests that the accretions are predominantly lead. I
suspect that these accretions may be a consequence of metal casting, as lead is commonly
present in Anatolian Bronze Age copper-based alloys, often as a contaminant in the form
of insoluble lead sulfide inclusions.
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Examining other areas of A27839, we find clear metal signals at the darkened,
surface rinds that cover the negatives revealed on the broken end (Figure 4.28). Lead
appears most strongly, followed by arsenic and copper. A similar pattern results from
analysis of the darkened areas on the mould surfaces adjacent to the negatives (Figure
4.29). Again, the lead shows up most strongly, with copper also strongly evident. Faint
signals of arsenic and zinc can also be seen. Together, these spectra suggest that this
mould was used for casting and that arsenical copper, not tin bronze, was the metal being
cast.
Ceramic mouldfrom Aliyar Hiiyiik: A6648 (see figure 4.8)
Turning to A6648, we find much weaker indications of copper, lead, and arsenic
on the surfaces. The negative that shows no evidence of heat alteration in the form of
blackening or cracking also did not yield metal signals (Figure 4.30). The lack of metal
on this face should be expected if no metal was cast into the negative. On faces where
blackening does appear, there are only weak metal signatures. Though visual observation
suggests that this mould has undergone heat alteration, it is difficult to determine
confidently if metal was cast into the negatives in antiquity. Analysis of the bulk material
shows silicon and iron as the dominant components, with aluminum and calcium strongly
fluorescing as well. This supports the visual examination of the mould that Professor
Grove (pers. comm.: MIT, EAPS, 2005) performed, during which he identified pyroxene,
a silicate mineral with the general composition (Mg,Fe)SiO3, and feldspars.
Stone mould from Alijar Hiiyiik: A9857 (see figure 4.12)
The stone mould, A9857, shows only very weak copper and arsenic peaks on all
faces. Though containing few counts, the signals from many of the analyzed spots are
sharp and can be separated confidently from the background noise. Tin, on the other
hand, was not identified, even with a signal-enhancing filter. Therefore, it is again
suggested that this mould was being used to cast arsenical copper. Analysis along the
edge of one negative produces a strong, distinct lead peak (Figure 4.31). This negative is
the most blackened of the five negatives on this mould, as well as the least worn. It is
possible that the traces of metal from casting have mostly weathered off the other
surfaces.
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As mentioned above, the intensity of the peaks is partly a result of the quantity of
each element being analyzed. It must be noted that the quantity of metal that remains on
the surface is a matter of the volatility and solubility of each element in the metal as
much as it is due to the composition of the original alloy. Lead is much less volatile in
molten copper than arsenic, and much less soluble in water and plant acids (Richard
Stone, James H. Frantz pers. comm.: Metropolitan Museum of Art, 2004). Therefore it is
not unreasonable to suggest that lead could remain on the mould when traces of other
metals have been lost through weathering and dissolution. Though the face in figure 4.31
seems the least weathered of all 6 mould faces, it was most certainly altered during its
thousands of years of interment. I suggest that the lead contaminants from casting
remained on this face though most other traces of metal disappeared from the remaining
mould surfaces.
The light element mineral component of the signal mirrors that seen in the x-ray
diffraction analysis. The calcium signal of the calcite is extremely strong, as is the
silicon of quartz. Iron also registers extremely strongly leading to the interpretation that
the mould could have been made of ankarite, calcium iron carbonate, which is similar in
morphology to limestone, or calcium carbonate (Timothy Grove pers. comm.: MIT,
EAPS, 2005). Professor Grove (pers. comm.: MIT, EAPS, 2005) also noted that the
aluminum signal may be a consequence of clay minerals in the stone matrix or on the
surface.
Ceramic mouldfrom Aliyar Hiiyiik: A10412 (seefigure 4.8)
XRF analysis of A10412 suggests that this mould was also used in casting
arsenical copper. The spectrum from the negative bed (shown as the black line in figure
4.32) displays strong copper, zinc, arsenic, and lead peaks, which is in stark contrast to
the spectrum in solid purple taken along the fractured edge that shows very little evidence
of any of these metals (Figure 4.32). Analysis of the face of the mould also yields strong
evidence of the casting of arsenical copper. The face does not provide a resolvable tin
signal. Mineralogically, the silicon signal points to the silicate cristobalite and the
feldspathic sanadine can be recognized in the high potassium and calcium counts.
78
ESEM images on three Bronze Age moulds
Microscopy can be a powerful tool for looking at the grain structure of materials,
and it provides a wealth of information about materials and their properties. Microscopy
is also able to reveal small features such as cracks and inclusions. However, microscopy
on surfaces that have not been polished flat provides only limited amounts of information
about grain structure and other microstructures. In general, the gross surface features can
be resolved, such as surface grains, adherent material, large cracks and flaws, and
inclusions. Without sectioning to provide a cross-section through the material, however,
it is not possible to make a confident determination of internal structure. For instance,
the cracking across the surface may not represent internal cracking, surface particles may
be of a different size or shape than those in the bulk, foreign material such as dirt or
inclusions that appear on the surface cannot easily be differentiated from the object's true
surface and may not appear internally. Despite these constraints, the SEM examinations
performed here yielded interesting information about the general structure of the moulds'
surfaces and provided pinpointed morphological analyses of interesting features.
The size of the OI moulds was a major constraint to their examinations of SEM.
The ESEM at MIT's CMSE can accommodate samples with an surface area as large as
approximately 15cm2. However the maximum displacement of the stage is 5cm in the X
and Y directions, and the sample can be no taller than about 4-5cm. Mould A27839 was
too large to fit into the ESEM chamber and could not be examined with this microscope.
Moulds A6648, A9857, and A10412 were able to fit into the chamber in certain
orientations, and images were taken on all possible faces.
Stone mould from Ali~ar Hiiyiik: A9857 (see figure 4.12)
The features that show up most obviously in the photomicrographs of A9857 are
particles that are fine grained, rounded, and not highly cemented together. Many of the
particles are smaller than l10Om and most are fairly subangular (Figure 4.33). The
particle size is smaller than that usually defined as "sand" (1/16 to 2 mm in diameter).
However the roundness is typical of grains that have been carried some distance by wind
and water action and deposited over time, as the grains of sedimentary rocks are. The
fact that the particles can be individuated points to a low amount of cementitious material
holding the matrix particles together. In these three observations, there are no consistent
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differences between negative surfaces, mould surfaces, and fracture surfaces. The
information provided by the SEM images, then, confirms that which was determined
using the other methods discussed, namely that this mould is composed of highly
weathered particles and that the modern surface of the mould has most likely continued to
erode since the manufacture of the mould. The mould easily shed particles during
handling and does not appear to be stable against weathering conditions.
Ceramic mouldfrom Aliyar Hiiyiik: A10412 (seefigure 4.8)
Mould A10412 exhibits significant differences between the different types of
surfaces. Images from the bed of the negative show material that appears melted and
amorphous (Figure 4.34a). The individual grains are not easily identifiable. This surface
morphology may have developed as a consequence of exposure to high temperature, such
as during metal casting. Images from an area outside of but adjacent to the negative
(Figure 4.34b) display much more porous and particulate material, which is similar in
morphology tlo grains from the fracture surface (Figure 4.34c) and the underside (Figure
4.35) of the mould. Though the mould is covered by a weathered rind, it appears that the
grains have weathered differently within the negative versus outside of the negative. This
suggests that the original surfaces were morphologically dissimilar before weathering.
Indeed, grains in the area of the underside, where the rind has chipped away, are
particulate and porous, like the rind grains outside of and adjacent to the negatives
(Figure 4.36). This observation, paired with the visual appearance of blackening along
the negatives and the traces of metal detected by XRF analysis, points strongly to use of
this object as a metal casting mould.
Ceramic mouldfrom Aliyar: A6648 (see figure 4.1)
The final mould examined with the ESEM was A6648. The photomicrographs of
the fracture surface (Figure 4.37), revealing natural cross-sections through three
negatives, resolve images of the globular particles that make up the matrix. These
particles appear rounded and distinct, however they are clearly cemented to each other, in
contrast to the particles from mould A9857. The particles in mould A6648 are more
particulate and smaller than the grains in A10412. A6648 also contains some angular
grains, some of which could be mica inclusions (Figure 4.38). The grain structure
appears consistent across the cross-section. The geometry of the mould did not allow
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analysis of any of the surfaces of the negatives, therefore the grain morphology within the
negatives is not known. No cracking was evident in any of the SEM images.
Applicability of protocol to ceramic moulds
The protocol as defined in chapters 2 and 3 of this thesis is formulated for the
study of cut and polished samples of stone, and in particular of serpentinite. It seeks to
relate the temperature conditions of casting to chemical and physical changes in stone, by
measurement of crack density and mineralogy determinations. Stone and ceramic are
different materials with different properties that behave differently to conditions of high
temperature. However, stone and ceramic often contain some of the same components
and may exhibit some of the same responses to similar thermal conditions. Therefore, it
is not unreasonable to apply a modified version of the analytical protocol under
development here to ceramic materials.
Sampling restriction
With the particular set of ceramic artifacts studied in this work, there was a
restriction on removal of material. This creates the need for further modifications to the
protocol, since polished sections would not be available. Regardless of these
modifications, a scheme for the analysis of ceramic objects can still be developed, and the
analytical protocol established for stone provides a rough guideline.
Establishing a set of standards
The first requirement for an effective protocol is the formulation of a set of
standards. Necessary to the success of the protocol, standards must closely approximate
the material under study. Ceramic objects are made from a mixture of many materials;
the exact mixture, the size and shape of the particles in the matrix, the volume of pores
and inclusions, and whether the ceramic has been fired before use are all important
variables. Each of these variables plays a role in the ceramic's response to temperature.
Even with the aid of samples and sections, it is no easy task to make a confident
determination of each of these variables. Without these sections, it is nearly impossible.
The establishment of an appropriate set of standards is the first difficulty in applying the
protocol to ceramic samples.
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Determining crack density
In terms of the analyses themselves, the protocol calls for image analysis in the
form of crack counting in order to determine crack density, Sv. It is clear that the SEM
images of the surfaces of the Bronze Age moulds will not provide sufficient crack
resolution to allow such a quantity to be determined. This prohibits us from determining
the temperature conditions of casting with respect to a set of preheated and polished
standards or cross-sections from experimental moulds. Careful study of the cracking
patterns on the surface, however, may serve as some proxy to crack density. If the
surface is extensively cracked and blackened, one may cautiously suggest that the
damaged area was exposed to high temperatures, but comparison with some standard is
necessary to make any solid conclusions about temperature conditions. In seeking out
more general information on the mould's history, it is clear in the SEM images that
surfaces exposed to the high heat of casting can be differentiated from those not directly
in contact with the molten metal. Therefore, via scanning electron microscopy, it is
possible to lend support to an assessment of the mould's use, though with little detail.
Determining mineralogy
Mineralogical determinations constitute the other major portion of the protocol.
Some minerals undergo changes when exposed to elevated temperatures. The
temperature and nature of these transitions can be read from empirically determined
phase diagrams. If a mineral transition can be identified, that provides strong evidence
that the object has been exposed, at a minimum, to the transition temperature for at least
the amount of time required to complete the transition. Minerals are easy to identify in
section; generally researchers examine thin sections with transmitted light microscopes to
determine the mineral components of stone or ceramic samples. But mineral
characterizations can also be made on bulk objects using x-ray techniques such as the
ones discussed here. XRD is not designed to give spatially-resolved data however, so it
is not particularly useful for discrete mineralogy. Furthermore, ceramic materials cannot
be analyzed by XRD unless the amorphous material is mechanically separated from the
crystalline components prior to analysis.
On the other hand, XRF, and other tools such as energy dispersive x-ray (EDX)
analysis, are techniques that deliver compositional analysis of small target areas. The x-
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rays can be trained on a particular spot or group of spots; in some cases individual grains
can be analyzed with XRF. This makes these two techniques extremely useful for the
study of bulk objects. As an example, a complete and unaltered serpentinite mould from
the Anatolian Bronze Age could be analyzed by XRF for traces of dehydrated serpentine
or diffuse magnetite in order to determine if the mould or part of the mould was exposed
to elevated temperatures at any point in its history. Open architecture XRF
spectrometers, such as the one employed in this study, have an advantage over other
techniques, like EDX, in that object size is unrestricted.
In the specific case of the OI moulds, there are a few material constraints that
must be taken into account when assessing the usefulness of mineralogical
determinations via XRF. Before looking at the difficulties of deciphering ceramic
mineralogy, let us return to our bulk stone mould. In the case of the stone mould A9857,
one may not expect to see a mineralogical transition in the bulk. The quartz portion of
the matrix does not undergo any irreversible transition until it melts at 1712°C, well
above the temperature achieved during the casting of metal (Rice 1987). Calcite, on the
other hand, decomposes into lime below casting temperatures, at 900°C. This may be a
detectable transition if mould A9857 was exposed to this temperature for the time
necessary to affect the transition. It is unlikely that the entire mould was heated to 900°C,
though the negatives were likely exposed to temperatures several hundred degrees higher
than that. Therefore it is possible that the calcite-lime transition could have happened
locally, within the negatives, during casting. Lime is powdery and reacts violently with
water; any lime formed at the surface of the mould during casting in antiquity is unlikely
to have survived to today. It is possible, though, that small amounts of lime in places like
grain boundaries could contribute to the friability of the mould. Since no lime was
detected by XRD on mould A9857, it is not possible to make a confident determination.
The ceramic moulds are also difficult to analyze for mineral transitions. Rice
(1987) provides a detailed table of transitions that should be expected as clay is heated
from 100°C to 2050C (Table 4.1). However without full knowledge of the clay
components in the OI moulds, it is not possible to seek out transitions efficiently. Many
of these changes may be obvious in thin section, but the ability to identify key minerals
from the random analysis of an unaltered surface is not likely. In this study, if time had
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been unrestricted a more complete analysis could have been undertaken. In general, the
determination of mineral changes as a signature of temperature conditions is better
achieved on stone samples than ceramic samples.
Though the details of ancient casting conditions may elude researchers who study
unsampled ceramic moulds, the set of techniques discussed above provides strong
evidence for the use of these moulds in metal casting. Indications like blackening or
cracking along the mould's negative suggest heat alteration, and XRF spectra showing
traces of metal on or adjacent to the negative beds is a solid sign that metal was poured
into the negative. XRF analysis allows for the confident identification of the metal
elements in the pour. Unfortunately, determining whether the poured metal or metals
were pure or alloyed is not straightforward from XRF analysis. However, if, through
additional analysis, the composition of the poured metal can be assessed, the information
has an important temperature related implication. That is, metals and alloys have defined
melting points, which can be read from empirically determined phase diagrams.
Therefore, if metal traces are found on a surface, and are a result of the meeting of mould
surface and liquid metal, one can estimate the minimum temperature that the surface was
exposed to.
As formulated, the protocol developed in this thesis is not well suited for
determining the specific casting conditions for ceramic moulds. It does, though, provide
some information on the general conditions of casting such as the alloy likely employed.
It is probable that the set of techniques suggested for extracting such information would
provide much greater detail on many bulk stone moulds, providing appropriate standards
could be established whose temperature induced mineral transitions are defined and can
be identified. Even greater detail could be resolved if the moulds were able to be
sampled destructively. Fundamentally, the information obtained about the moulds from
the Oriental Institute is important, goes beyond that information acquired by human
observation alone, and can aid in the development of hypotheses critical to the
understanding of culture and technology. This is the purpose of the protocol.
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Chapter 5:
Conclusions
Stone and ceramic moulds are of interest to anthropologists because they
represent an important class of metal processing tools that reflect both material and
cultural concerns in their development and use. The way that smiths choose to process
metal, the tools that they develop for metal processing, and the circumstances under
which they employ these tools are fundamental data that assist in evaluating the role that
metal production played in society. The existence of a variety of types of moulds
suggests both material and cultural choices on the part of the smith. One means of
understanding the impact of these choices on technology and human society is by
supporting anthropological research with analytical tools provided by science and
engineering.
As anthropological research questions that require materials analyses are
formulated more and more frequently, the library of materials science-based techniques
available to anthropologists must expand. Anthropologists seek specialized methods,
new and innovative tools, and modified approaches for examining the material culture of
human societies. This thesis aims to further anthropological research by formulating a
new analytical approach for the study of bronze casting moulds. The result is a novel
protocol that systematizes the study of stone that has been exposed to the elevated
temperature conditions that prevail metal casting.
Assessment of the protocol
The protocol I developed is a three phase routine for standardizing stone
responses to particular temperature environments and comparing the standard responses
to observations of the damage caused in stone moulds that were subject to temperature
conditions that obtained during metal casting. In phase I, a set of stone standard samples
is heated to various temperatures and the amount of cracking within and between the
grains of each standard is quantified. Chemical and physical changes to the minerals in
the stone are also identified.
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In phase II, the standardized stone is fashioned into a mould and subjected to
controlled casting experiments. The physical and chemical changes that result are
correlated to the results of phase I. The thermal damage signatures are spatially resolved
across sections of the mould to provide information about the transfer of heat through the
bulk stone. The transfer of heat through the bulk is related to the conditions of casting,
such as the temperature of the molten metal, the temperature of the mould, and possibly
the number of times the mould was employed. The average lifetime of a mould made of
the standard stone is also determined in phase II.
Phase III clarifies casting conditions that obtained during the use of
archaeological moulds by making connections between the damage detected in both the
standard samples and controlled casting experiments and the damage detected in the
archaeological samples. Ancient moulds made from stone similar to the standardized
stone can be prepared and analyzed for crack density and mineralogy in the same manner
as the moulds from phase II and the standards from phase I. Thus the archaeological
materials and materials used to produce the protocol are directly comparable, and the
chemical and physical changes that are observed in the ancient moulds can be used to
help reconstruct the casting conditions of the past.
The work in this thesis focuses mainly on the behaviors of serpentinite, just one
of many materials Anatolian smiths made into moulds during the Bronze Age. Elements
of the protocol have proven promising in determining the temperatures to which
serpentinite was exposed during the casting process. First, mineralogical analysis
suggests a fair correlation between the chemical and physical behavior of the mineral
components of the stone and the temperature to which the stone is exposed. The
temperature effects on the minerals can be spatially resolved, giving a picture of the
transfer of heat through the bulk stone during casting.
Low power magnification of several stone types provides interesting information
about the gross morphologies of the heat-treated samples, and again spatial resolution is
possible to some extent. The visual evidence seems roughly diagnostic of temperature in
the case of all stones studied, but there are too few samples to make strong conclusions.
Additional standard samples heated to a wider range of temperatures are necessary.
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Other elements of the protocol provided initially less definitive correlations
between temperature and response of the material and require further research. The crack
density of the serpentinite standard tiles was surprising in its lack of temperature
dependence, and these results must be verified. If they hold, the results indicate that
quantifying the crack density of a heat-soaked serpentinite tile is not an effective means
of determining temperature conditions. On the other hand, the crack densities of the
serpentinite experimental casting moulds were spatially distinct and may be diagnostic of
temperature and heat flow. Since I was consistent in my preparation and analysis
techniques for all serpentinite standards and moulds, any operator bias should be
systematic. This lends some credence to the results and implies that another method of
standardizing crack densities should be developed. Whether crack densities prove more
diagnostic for different stone types is a topic for future work.
Clearly the protocol would benefit from additional supporting evidence.
However, the work presented here does lead to several significant conclusions about
ancient casting techniques. The first is that ancient serpentinite moulds were probably
not preheated to elevated temperatures and almost certainly were not placed in a furnace
for the purposes of preheating. Experiments with preheated moulds indicate that the
stone is not robust enough to withstand elevated temperatures. During experimental
bronze casting, the serpentinite moulds cracked catastrophically at some threshold
temperature, in this case measured to be 200°C. The absolute temperature may be
dependent on the dimensions of the mould, the number and dimensions of the negatives,
and the method of temperature measurement. However, it is clear that large scale
cracking occurs when the serpentinite mould reaches a specific and relatively low
temperature after molten metal is poured into it. Whether moulds of other materials
behave similarly requires additional study. The finding has implications for the way
these moulds could have been employed, as well as for their lifetime, opening up
interesting avenues for exploring the decision-making components of mould use. Did the
temperature threshold shape the approach of Bronze Age Anatolian smiths to casting or
to their treatment of the moulds? Did it play any role in the smiths' decisions to make
moulds out of serpentinite instead of another material?
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These same general questions can be asked in light of the similarities in crack
densities measured in the experimental mould that was employed twice (mould 2) versus
the experimental mould that was employed in seven casting trials (mould 3). Comparing
moulds 2 and 3, it seems that the crack density in the bulk did not increase drastically
with the additional casting events, suggesting that thermal damage, on the microscale,
may have some maximum value that is reached after the heat shock of the first casting.
This is the second major finding of this thesis. The material may be stable until a large,
macro-crack develops across the surface and causes the mould to fail. Additional
experiments can continue to investigate this proposition through physical testing, and the
results may aid in answering culturally significant questions. Did ancient smiths control
thermal damage to increase the lifetime of the moulds? Did they preferentially employ
other materials that behaved similarly to serpentinite and eschew those that did not?
Modifying the protocol for the analysis of four archaeological moulds from the
Oriental Institute Museum (OI). Chicago
The protocol offers an analytical scheme that aims to yield directly comparable
results about the behaviors of different stone and ceramic materials. I have formulated
the protocol to be systematic, but also dynamic, such that modifications can easily be
incorporated when appropriate. The modifications I devised for studying the four
Anatolian moulds from the Oriental Institute exemplify this. To realize the protocol as
designed, I should have obtained Anatolian serpentinite moulds and analyzed polished
sections removed from them to measure crack density and mineralogy. I was unable to
do this, as none of the moulds in the Oriental Institute collection is made from
serpentinite, and the Oriental Institute did not grant me permission to remove samples
from the four moulds loaned to MIT.
Instead, I had the opportunity to study the four OI moulds--one limestone and
three ceramic--in their intact condition. My initial examination of sandstone, marble, and
granite standard tiles suggested that the unmodified protocol would be applicable to all
rock types. Ceramics may prove more challenging, but the protocol appears to be
flexible enough to accommodate ceramic materials as well. However, the material
differences between the serpentinite I characterized in phases I and II of the protocol and
the moulds I obtained from the OI did not prove to be the biggest obstacle in applying the
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analytical protocol to the ancient moulds. Rather, the restrictions on sampling the
artifacts for analysis stimulated the major modifications.
Conclusions drawn from the modified protocol
The restrictions on sectioning or otherwise altering the ancient moulds required
me to assemble an entirely different set of analytical techniques from those employed for
the standard tiles and the replica moulds. Neither crack density quantifications nor
detailed mineralogical analyses could be accomplished for the ancient moulds. Instead, I
performed trace element analysis through XRF and explored surface morphologies by
SEM. The results were interesting, though they lacked a strong point of reference, since
no standards were available during these analytical procedures. If appropriately analyzed
standards had been available, the data may have been more conclusive. The results were
nonetheless promising, and several interesting suggestions can be made.
The most important finding provided by the modified phase III of the protocol
was the identification of metal traces on the surfaces of the moulds. The identification of
copper and arsenic, and the complete absence of tin, near the mould negatives suggest
that the moulds were used to cast metal and that that metal was probably arsenical
bronze. Though the particular alloy of copper and arsenic could not be determined, the
presence of these elements brackets the temperature conditions of the molten metal, since
the melting points of the range of Cu-As alloys known to have been used in Anatolian
artifacts can be established.
The identification of traces of metals on the surfaces of the ancient moulds
suggests the metal system the smith employed when using the mould I analyzed. During
the Anatolian Bronze Age, at least three major metal systems were used-unalloyed
copper, copper-arsenic alloys, and copper-tin alloys. The choice of metal system was
deliberate and reflected some of the social and economic conditions of the society
producing the castings (Moorey 1985; Stech 1999; Ozbal et al. 2002; de Jesus 1980).
Since moulds found in workshop settings imply that casting was practiced locally (de
Jesus 1980; Yener 2000)--a conclusion that cannot necessarily be drawn from the
presence of cast metal objects at a site--metal traces on moulds can be directly tied to
metal smithing at a site.
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Scholars have offered interpretations of the cultural precepts and social behaviors
involved in metal production technologies through the scientific study of artifacts and
metallurgical traditions in settings such as Mesoamerica, the Andes, and Southeast Asia
(Hosler 1994; Lechtman 1996b; Higham 1996; White and Pigott 1996). My goal is to
enable archaeologists to obtain data through the use of the protocol developed in this
thesis that can aid in similar investigations of the Anatolian Bronze Age.
Final conclusions
At the outset, the stated goal of this research was the development of an approach
that separates; the responses of stone and ceramic bronze casting moulds into those that
reflect immutable material conditions and those that are manipulated by culture. As
formulated, does this protocol attain its goal? It is clear that additional work must be
completed before the question can be assessed. If the protocol is to be successful, it must
be robust and widely applicable. The initial assessment of the protocol advanced in this
thesis points positively in this direction. A variety of stone types and, with modifications,
ceramic materials can be explored as serpentinite was explored here.
Once this information has been obtained through laboratory investigation,
statements about the suitability of one material over another can be made. Whether the
material deemed most suitable from a modern engineering standpoint was preferentially
utilized by Anatolian smiths is a question for the anthropologist to explore from a cultural
vantage point. There does not appear to be any obvious relationship between stone type
and mould form, but this appraisal is made with recourse only to published literature on
the moulds. Future research, aided by studies such as those carried out in designing this
analytical protocol, may refute this assumption. If so, an advance in the understanding of
Bronze Age Anatolian casting practices will have been made. For now it is promising to
recognize that the protocol I have developed allows for a few tentative conclusions on the
cultural and material nature of metal casting in Bronze Age Anatolia.
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Figure 1.1. Map of Anatolia and the Near East with
major Bronze Age sites noted. (Stech 1999: 60)
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Asia Minor (Anatolia)
i
Figure 1.2. Typical Anatolian Bronze Age assemblage of
metal objects and ceramic weapon moulds.
(Chernykh et al.: 86)
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Figure 1.3. Metal processing tools recovered from Bronze
Age Anatolian sites include a) crucibles for smelting and melting
(Miller-Karpe 1994: plate 9, approx scale 1:10), b) pot bellows
for controlling furnace temperature (Milller-Karpe 1994: plate 1,
approx scale 1:15), and c) tuyeres for injecting air into the furnace
(MUller-Karpe 1994: plate 3, approx scale 1:9)
100
c)
b)
~~Z 'j-." --. j* 4..g C:::Z
= t --l~i~-
;·i~~~~~~~~~i.· i·:  ~   ~ ~ ~ ~ ~ ~ ~~~ 
- I~~~~~j i6;
'I-
0 5
, .. :
Find Frequency (number of moulds)
Figure 1.4. Find freqency of open moulds, including
multifaceted moulds, from 4000 B.C. to 0 A.D.
(adapted from MOller-Karpe 1994: 135)
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Figure 1.5. Typical metal assemblage from Bronze Age
D)agestan in Central Asia. The assemblage is similar to
that found at AliSar Hiiyik and dates from the same
time (ca. 2000 B.C.). (Chemykh 1992: 123)
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Figure 1.6. Metal tools excavated at Alisar Hyiik
and dated to 2000 B.C.-1800 B.C. Approx. scale 1:3.
(von der Osten 1937b: figures 286-298, 291-293)
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Figure 2.1. Room temperature granite standard tile.
Intragranular cracks, as well as grain boundary cracks,
are infrequent. 50X
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Figure 2.2. Room temperature granite standard tile
showing angular holes where grains have been plucked
out during mechanical polishing. 50X
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Figure 2.3. Granite standard tile heated to 4000 C.
Both grain boundary and intragranular cracking
are abundant. 50X
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Figure 2.4. Granite standard tile heated to 1150°C.
Intragranular cracking has increased and some grain
boundary cracks have refilled with melted granite.
Dewatering has caused rounded vesicles to appear. 50X
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Figure 2.5. Room temperature marble standard tile.
There are few intragranular cracks. 50X
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Figure 2.6. Marble standard tile heated to 4000 C.
Grain boundary and intragranular cracks are
abundant. Small pluck outs are evident. 50X
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Figure 2.7. Room temperature sandstone standard tile.
The grains are easily differentiated and there are abundant
pluck outs. 50X
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Figure 2.8. Sandstone standard tile heated to 4000 C.
Intragranular cracking is infrequent but pluck outs
are abundant. 50X
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Figure 2.9. Sandstone standard tile heated to 1150C.
Intragranular cracking is evident and pluck outs are
abundant. Rounded pores may be a result of dewatering
during heating. 50X
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Figure 2.10. Room temperature serpentinite standard
tile. The angular grains are typical of serpentinite.
Many grains have been plucked out. 50X
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Figure 2.11. Room temperature serpentinite standard
tile. Grain boundaries are thinly cracked and
intragranular cracking is infrequent. 50X
114
Figure 2.12. Serpentinite standard tile heated to 4000 C.
Like the room temperature standard, angular grains have
been preferentially plucked out and cracking is
infrequent. 50X
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Figure 2.13. Serpentinite standard tile heated to 11500 C.
White matter begins to migrate to the highly cracked
grain boundaries at elevated temperature. 50X
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Figure 2.14. Serpentinite standard tile heated to 6000 C.
There are many needle-like grains and angular pluck
outs. 50X
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Figure 2.15. Serpentinite standard sample heated to
11 50°C. Grain boundaries are highly cracked but have
begun to refill with melted serpentinite. Round pores
result from dewatering. 50X
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Figure 2.16. Back-scattered image of room
temperature serpentinite standard tile with
minerals labeled. Scale bar in lower left.
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Figure 2.17. Back-scattered image of serpentinite
standard tile heated to 11500 C. The magnetite has
disintegrated and diffused through the bulk. Scale
bar in lower left.
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Figure 3.1. Serpentinite moulds excavated
in Bronze Age layers at Ali ar Hiiyiik.
(Muller-Karpe 1994: a. plate 26.2, scale 2:3;
b. plate 33.1, scale 1:4; c. plate 32.3, scale 1:3)
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1Figure 3.2. Limestone mould excavated at Kuiltepe
and dating to around 2000 B.C. The mould has four
ingot negatives on one face and one spearhead negative
on the opposite face. This mould was replicated in
serpentinite for the experimental castings. Approximate
scale 1:3. (MUller-Karpe 1994: plate 21.2)
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Figure 3.3. The serpentinite replica mould has four
ingot negatives on one face and one spearhead
negative on the opposite face. Scale bar in cm.
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Figure 3.4. Serpentinite test mould with a single
ingot negative used in initial casting experiments.
Scale bar in cm.
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Figure 3.5. 260g button ingot of 10 wt% tin bronze,
prepared for remelting and casting into the ingot
negatives on the replica mould. Scale bar in cm.
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Figure 3.6. 60g button ingots of 10 wt% tin bronze,
prepared for remelting and casting into the single
ingot moulds or into the spearhead negative on the
replica mould. Scale bar in cm.
126
'-Y"""', , .
Figure 3.7. Single ingot moulds were placed in a
furnace and preheated to specific temperatures to
determine whether the temperature of the mould at
casting affects the properties of the mould material
or the cast metal object. Pictured: moulds in the furnace
prior to heating; the temperature of each mould was
monitored by a thermocouple inserted into a hole drilled
into the center of the bulk.
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Figure 3.8. The temperature of the moulds
was monitored by two type K thermocouples
inserted into holes drilled into the center of the
mould.
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Cooling rate of mould after a casting event
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Figure 3.9. During the casting event, the temperature ol'the preheated single ingot
mould increased from an initial temperature of 200°C to a maximum temperature.
bellbre losing heat steadily and unilbrmly throughout the bulk.
The pink line represents the temperature measured at the center of the mould volume.
The blue line represents the temperature measured at the side ofthe mould and slightly
below the negative.
The temperature diltrence. AT in gray. between the two measured points is constant.
indicating a unilbrm rate of heat loss throughout the mould.
129
Figure 3.10. Color changes occur as the serpentinite
moulds are preheated to successively higher temperatures.
From left to right: mould preheated to 2000 C, mould
preheated to 4000 C, mould preheated to 6000 C,
and mould preheated to 900°C. Scale bar in cm.
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Figure 3.11. The ingots cast from moulds preheated
to different temperatures have no obvious external
differences. From left to right: ingot from mould
preheated to 2000C, ingot from mould preheated to
400°C, ingot from mould preheated to 6000 C, and ingot
from mould preheated to 9000C. Scale bar in cm.
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Figure 3.12. In antiquity, moulds may have been
preheated within the furnace. (Davey 1983: 181)
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Figure 3.13.
monitored by
a hole drilled
negatives are
The temperature of the replica moulds was
a single type K thermocouple inserted into
into the center of the mould. The ingot
highlighted in pink.
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Figure 3.14. Mounted cross-section of
mould 1 with the areas analyzed for
crack density and mineralogy identified.
Scale bar in cm.
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Figure 3.15. Mounted cross-section of
mould 2 with the areas analyzed for
crack density and mineralogy identified.
Scale bar in cm.
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Figure 3.16. Mounted cross-section of
mould 3 with the areas analyzed for crack
density and mineralogy identified. The
ingot negative is highlighted in yellow,
the spearhead negative does not appear in
this section. Scale bar in cm.
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bronze
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Figure 3.17. A continuous crack developed across mould 3,
beginning in the comer of the ingot face and propagating
toward an ingot negative, and down the side and into the
spearhead negative on the opposite face.
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Figure 3.18. Areas 1 and 2 of mould 1 show characteristic
needle-like crystals of hydrous serpentine intruding into white
magnetite inclusions. 50X
138
Figure 3.19. The compositional inhomogeneity of areas 3
(pictured), 4, and 5 on mould 3 may be due, in part, to the
disintegration and diffusion of magnetite, which appears as
the small white inclusions interspersed between the
needle-like crystals of hydrous serpentine. 50X
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Temperature increase in serpentinite moulds
during multiple casting events
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Figure 3.20. The temperature of moulds 4 (in blue) and 6 (in pink)
increases from room temperature to the failure threshold of 200°C
over the course of several casting events. The temperature peak
associated with each casting event is numbered. Similarities in slope
between the two curves indicates that heat is absorbed and lost at the
same rate in both moulds.
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Figure 3.21. Middle ingots (position marked in
pink) from the first and last casting in mould 3
were examined metallographically. The
spearhead from the second casting was also
examined. Scale bar in cm.
141
!
1
Ingot from first casting into mould 3 (face in
contact with mould during solidification shown)
I
Ingot from last casting into mould 3 (face in
contact with mould during soldification shown)
Spearhead from second casting into mould 3 (face
in contact with mould during solidification shown)
Figure 3.22. Two ingots and one spearhead were
sectioned and mounted for metallographic examination.
142
,00, -4
-4
rt-·
I
i I I
1,5." .
·rt-O
Figure 3.23. The dendrites in the cast objects
appear clearly when the sections are polished.
Ingot from first casting. 50X
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Figure 3.24. The dendrites are highlighted when the
surfaces are etched. Ingot from first casting. 200X.
Potassium dichromate and aqueous ferric chloride etch.
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Figure 3.25. Trapped gases and shrinkage result in
abundant pores as the metal solidifies during casting.
As-polished image of ingot from first casting. 50X
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Figure 3.26. An oxide layer forms along
the surface exposed to air during casting.
As-polished image of spearhead. 200X
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Figure 3.27. A eutectoid microconstituent formed
between the dendrite arms from the last, most tin-rich
liquid to solidify. Ingot from first casting. 500X.
Potassium dichromate and aqueous ferric chloride etch.
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Figure 3.28. The grains in the spearhead section
are large and randomly oriented. Montage at 12X
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Figure 3.29. The grains in the section of the ingot
from the first casting are large and radiate inward
from the sides of the negative. Montage at 12X
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Figure 3.30. The grains in the section of the ingot
from the final casting are smaller and show some
preferred orientation perpendicular to the bottom
surface of the negative. Montage at 12X
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Figure 4.1. Mould A6648 displays four negatives
and has fractured across two faces. This Bronze
Age ceramic mould, excavated at Ali~ar Hiiytik, is
70 x 50 x 41 mm in dimension and weighs 197g.
a) drawing of mould A6648 (Miiller-Karpe 1994: plate 36.4)
b) 3D scanned rendering of mould A6648.
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Figure 4.2. The fracture surfaces on mould A6648
reveal natural cross-sections through all four negatives.
Collection of the Oriental Institute Museum at the
University of Chicago. Scale bar is in cm.
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Figure 4.3. The chisel-like negative on mould
A6648 does not appear heat altered. Collection
of the Oriental Institute Museum at the University
of Chicago. Scale bar is in cm.
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Figure 4.4. The deep, rounded negative on mould
A6648 is blackened along the edge and across the
bed. Collection of the Oriental Institute Museum
at the University of Chicago. Scale bar is in cm.
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Figure 4.5. Moulds with negatives similar
to those on A6648 are common in Bronze
Age Anatolia. Example of stone mould from
Kiiltepe. Scale is approximately 3:1.
(MUiller-Karpe 1994: plate 31.2)
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Figure 4.6. One negative on mould A6648
is circular in plan and displays blacking
along the edge and across the bed.
Collection of the Oriental Institute Museum
at the University of Chicago. Scale bar is in cm.
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Figure 4.7. One negative on mould A6648
may be tanged and displays blackening along
the edge and across the bed. Collection of the
Oriental Institute Museum at the University
of Chicago. Scale bar is in cm.
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Figure 4.8. Mould Al0412 displays three negatives and has
fractured along two sides. This Bronze Age ceramic mould,
excavated at Aliar Hiyiik, is 61 x 80 x 23 mm in dimension
and weighs 177.7g.
a) drawing of mould A10412 (Muiller-Karpe 1994: plate 15.2)
b) 3D scanned rendering of mould A10412.
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Figure 4.9. The surface of mould A10412 is covered
by a light orangey-brown weathering rind except for
a small chip in the upper right comer. Collection of
the Oriental Institute Museum at the University of
Chicago. Scale bar is in cm.
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Figure 4.10. Mould A10412 has fractured along two sides, revealing
a) a natural longitudinal cross-section along one negative and
b) a natural transverse cross-section through all three negatives.
The fracture surfaces are covered by the weathering rind. Collection
of the Oriental Institute Museum at the University of Chicago.
Scale bar is in cm.
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Figure 4.11. A ceramic mould similar in form
to mould A10412 was excavated in the upper
Bronze Age or lower Hittite layers at AliSar HiiyUik.
Scale is approximately 3:4 (von der Osten and
Schmidt 1932: figure 306)
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Figure 4.12. Mould A9857 displays four or five negatives
andc has fractures across two faces. This Middle to Late
Bronze Age stone mould, excavated at AliSar Huiyik, is
81 x 62 x 42 mm in dimension and weighs 320.8g.
3D scanned rendering of mould A9857.
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Figure 4.13. The sharply pointed, blade-like
negative on mould A9857 is cracked and
blackened along the edges and across the bed.
Collection of the Oriental Institute Museum at
the University of Chicago. Scale bar is in cm.
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Figure 4.14. One face on mould A9857 displays
two negatives, one bar shaped and one of unidentified
fbrm. Collection of the Oriental Institute Museum
at the University of Chicago. Scale bar is in cm.
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Figure 4.15. One face on mould A9857 displays
one badly worn, unidentified negative. The
channel along the top is a possible second negative.
Collection of the Oriental Institute Museum at
the University of Chicago. Scale bar is in cm.
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Figure 4.16. A significant crack has developed
along the underside of one negative on mould
A9857. Collection of the Oriental Institute
Museum at the University of Chicago.
Scale bar is in cm.
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Figure 4.17. Mould A27839 displays five negatives and
has fractured across one face. This ceramic mould,
excavated from Phase J (ca. 2000 B.C.) at Tayinat, is
152 x 82 x 73 mm in dimension and weighs 1.2kg.
a) drawing of mould A27839 (Miller-Karpe 1994: plate 22.5)
b) 3D scanned rendering of mould A27839.
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Figure 4.18. Complete corpus of metal objects excavated from
Phase J (ca. 2000 B.C.) at Tayinat. Approximately actual size.
(Braidwood and Braidwood 1960: figure 351)
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Figure 4.19. One face of mould A27839 displays two long narrow
negatives of the "poker-spear type" (Braidwood and Braidwood 1960).
The negatives are blackened along the edges and cracked across the bed.
Collection of the Oriental Institute Museum at the University of Chicago.
Scale bar is in cm.
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Figure 4.20. One face of mould A27839 displays one long
narrow negative that may have had a ferrule. The negative
is blackened along the edges and cracked across the bed.
Collection of the Oriental Institute Museum at the University
of Chicago. Scale bar is in cm.
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Figure 4.21. One face of mould A27839 displays a broad
negative for making a celt-like blade. The negative is
blackened along the edges and cracked across the bed.
Collection of the Oriental Institute Museum at the University
of Chicago. Scale bar is in cm.
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Figure 4.22. One face of mould A27839 displays a broad negative
for an axe-like tool that may have had a ferrule. The negative is
blackened along the edges and cracked across the bed. Collection
of the Oriental Institute Museum at the University of Chicago.
Scale bar is in cm.
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Figure 4.23. There are accretions on several of the faces
of mould A27839. Collection of the Oriental Institute
Museum at the University of Chicago. Scale bar is in cm.
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Figure 4.24. The XRD analysis presented in this thesis was
performed on the Phillips PW 1835 open-architecture x-ray
diffractometer housed at the Sherman Fairchild Center for Objects
Conservation at the Metropolitan Museum of Art in New York.
(Photo courtesy James H. Frantz 2004)
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Figure 4.25. The XRF analysis presented in this thesis was
performed on the Jordan Valley EX-3600 x-ray fluorescence
spectrometer housed at the Sherman Fairchild Center for
Objects Conservation Metropolitan Museum of Art in New York.
(Photo courtesy James H. Frantz 2004)
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Open-architecture scan of side of stone mould, A9857
11jJ~ 1 11 1 ,,li: ,
46-1045> Quartz, syn - S102
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Figure 4.26. XRD spectrum of mould A9857. The reference
database identified peaks associated with quartz and calcite crystals.
(Spectrum courtesy James H. Frantz 2004)
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Figure 4.27. XRF analyses of the accretions shown
in figure 4.23 reveals the presence of lead and some
indication of copper and zinc. Strong calcium and
iron peaks represent components of the clay matrix.
The black line spectrum from the accretion in 4.23a
overlies the solid spectrum which corresponds to the
accretion in figure 4.23b.
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Figure 4.28. XRF analysis of the darkened rind underneath
a negative on mould A27839, indicated here, reveals the
presence of copper, zinc, lead, and arsenic. Collection of the
Oriental Institute Museum at the University of Chicago.
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Figure 4.29. XRF analysis of the darkened area at the edge
of a negative on mould A27839, indicated here, reveals the
presence of copper, lead, and arsenic. Collection of the Oriental
Institute Museum at the University of Chicago.
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Figure 4.30. XRF analysis of the face of mould A6648
with no apparent heat alteration did not yield any metal
signals. Collection of the Oriental Institute Museum at
the University of Chicago.
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Figure 4.31. XRF analysis of the darkened
area at the edge of a negative on mould A9857,
indicated here, reveals a strong lead peak and
no tin signal. Collection of the Oriental Institute
Museum at the University of Chicago.
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Figure 4.32. XRF analysis (black line) of the negative bed
on mould A10412, indicated here, reveals the presence of
copper, zinc, lead, and arsenic. In contrast, XRF analysis
(solid spectrum) of the fracture surface, also indicated,
shows no metal signals. Collection of the Oriental Institute
Museum at the University of Chicago.
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Figure 4.33. SEM photomicrographs
of a negative bed on mould A9857,
indicated here, show loosely consolidated,
subangular grains that are smaller than 10 Om.
500X. Collection of the Oriental Institute
Museum at the University of Chicago.
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Figure 4.34. SEM photomicrographs of the areas on mould
A 10412, indicated here, display different micromorphologies.
Area A appears melted and amorphous. Area B is porous and
particulate. Area C appears similar to Area B. 500X. Collection
of the Oriental Institute Museum at the University of Chicago.
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Figure 4.34. images b and c.
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Figure 4.35. SEM photomicrographs of an area on
the underside of mould A10412, indicated here, reveal
morphologies that are similar to areas B and C in
figure 4.34. 500X. Collection of the Oriental Institute
Museum at the University of Chicago.
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Figure 4.36. SEM photomicrographs of the chipped area
on the underside of mould A10412, indicated here, reveal
morphologies that are similar to areas B and C in figure 4.34,
and the area in figure 4.35. 500X. Collection of the Oriental
Institute Museum at the University of Chicago.
N.B. horizontal artifacts on the image are due to sample charging
during analysis and do not represent the true microstructure.
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Figure 4.37. SEM photomicrographs of an area on
the fracture surface underneath a negative on mould
A6648, indicated here, reveal highly consolidated,
globular particles. 500X. Collection of the Oriental
Institute Museum at the University of Chicago.
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Figure 4.38. SEM photomicrographs of an area on the
fracture surface of mould A6648, indicated here, reveal
some angular grains that may be mica inclusions. 500X.
Collection of the Oriental Institute Museum at the
University of Chicago.
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Table 2.1. Crack density of granite standard tiles.
Temperature Intragranular Grain Boundary Crack Density
(°C) (PI) (PB) (Sv)
cracks per unit length (mm'')
25 3.34 1.81 10.3
400 3.71 1.78 10.9
1150 4.19 3.04 14.5
Table 2.2. Published crack density of westerly granite subjected to various
temperatures. (Fredrich and Wong 1986)
Temperature Intragranular Grain Boundary Crack Density
(OC) (PI) (PB) (Sv)
cracks per unit length (mm-1)
25 2.11+0.55 2.12+0.86 8.46
100 2.05+0.63 2.33+0.67 8.76
165 2.64+0.64 2.78+0.92 10.84
250 2.59+0.66 2.65+0.74 10.48
365 2.73+0.85 3.46+0.85 12.39
500 2.98+0.77 4.73+1.00 15.42
620 2.77+0.51 6.07+1.33 17.69
Table 2.3. Crack density of serpentinite standard tiles.
Temperature Intragranular Grain Boundary Crack Density
(C) (PI) (PB) (Sv)
cracks per unit length (mm1l )
25 2.62 1.73 8.67
400 2.88 1.51 8.78
600 3.17 1.12 8.58
1150 2.74 0.68 6.86
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Table 3.1. Crack density of serpentinite replica moulds following casting
events. Mould 1: 1 casting on the ingot face. Mould 2: 1 casting on each
face. Mould 3: 7 castings, alternating between faces. Moulds were at room
temperature at the start of the experiment.
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Sample Area Distance Intragranular Grain Boundary Crack Density
from (PI) (PB) (S)
Negative
(mm) cracks per unit length (mm'1)
Mould 1 Area 1 2.5 4.12 0.16 8.56
Mould I Area 2 0 9.24 2.08 22.64
Mould 1 Area 3 1.25 5.60 0.28 11.76
Mould 1 Area 4 5 3.48 0 6.96
_Mould 1 Area 5 10 4.92 0.68 11.2
:Mould 2 Area 0 12.2 3.72 31.84
Mould 2 Area 2 4 6.64 1.20 15.68
Mould 2 Area 3 0 9.12 2.28 22.80
Mould 2 Area 4 8 7.36 1.52 17.76
Mould 2 Area 5 0 4.36 1.08 10.88
Mould 2 Area 6 2 7.52 1.84 18.72
Mould 2 Area 7 3 7.72 0.40 16.24
Mould 3 Area 1 2.5 4.60 0.32 9.84
Mould 3 Area 2 0 10.48 4.88 30.72
Mould 3 Area 3 2.5 3.20 4.64 15.68
Mould 3 Area 4 7.5 5.48 1.72 14.40
Mould 3 Area 5 6.5 5.32 1.76 14.16
__ (spearhead)
Changes in Clays with Firing and Cooling Temperatures
_i iiiii .L ii .111 . I I I I
Temperature (°C)
10(- 200
:200- 225
470
,450- 550
:500
550-625
550-650
573
600- 800
800O
870
950
960
1(050
1100
11()0- 12(0)
1150
1160
1170
1200
1250-90
13;20-1450
1470
1712
2050
Change in Clay or Kiln
Clay begins to lose adsorbed water ("water-smoking period")
Alpha-beta conversion of cristobalite (on cooling after firing)
Lowest temperature at which a red glow can be seen in the dark
Kaolinite loses hydroxyls metakaolin forms
Organic matter oxidized
Dull red glow, visible in daylight
Montmorillonite loses hydroxyls
Alpha-beta inversion of quartz
Micas lose hydroxyls
FeCI: volatilizes
CaCO 3 dissociates to CaO plus H20 at or by this temperature; tri-
dymite forms from beta quartz
Spinel forms; Ca() reacts with clay forming calcium silicates
(wollastonite)
Recrystallization of metakaolin begins (on cooling)
Formation of calcium ferrosilicates; calcareous clays turn pale yellow
or olive
Light-yellow heat in kiln
Mullite forms
Vitrification range of ball clays
White heat in kiln
K-feldspar begins to melt
Na-feldspar (albite) begins to melt
Gypsum dissociates
Biscuit firing range for bone china; cristobalite forms from tridymite
Maturing range for hard porcelains
Cristobalite stabilizes
SiO) melts
A12 03 melts
Source: After Cardew 1969, app. 14.
Table 4.1. Temperature induced transitions in clay minerals. (Rice 1987:103)
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